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PREFACE 


theory of absorption and the applications of absorption 
^ spectrophotometry have made such rapid development in the last 
few years that, in spite of the fact that the first edition of this book 
was published as recently as 1932, it had already become desirable a 
year ago that the whole subject should be reviewed afresh to assist 
the publishers in their development of spectrographic equipment. 
The work then undertaken soon revealed a need for the preparation 
of a second edition of this book, to provide guidance for those wishing 
to commence spectrophotometric work, or to extend it into fields not 
yet familiar to them. 

Part I of the present edition therefore contains a large amount of 
entirely new matter contributed by one of us (C. B. A.), the original 
author (F. T.) having now confined his attention chiefly to Part II, 
in connection with which he wishes to acknowledge the help received 
from the members of the staff of Adam Hilger, Limited. 

The first edition had its origin in two articles published in Chemis- 
try and Industry} The writer renews his acknowledgment of his 
indebtedness to the publishers of that Journal for permitting him to 
embody with slight revision the substance of those articles, some of 
which is retained in the present edition. 

Thanks are also due to the Physical Society for permission to 
include much of the substance of two papers,*^ and to Professor R. 
Mecke of Heidelberg, and to Dr. F. P. Bowden of Cambridge, for 
permission to reproduce original photographs of spectra, as well as 
to the Director of the Bureau of Standards for permission to publish 
Fig. 14 and to the publishers of the Zeitschrift fur Physik for per- 
mission to reproduce Fig. 15. 

The note on “ The absorption of diffusing media,'' specially 
written for the book by Mr. O. W. Pineo, sets forth new ideas which 
may become of great importance in the textile industries. 

Finally, we are indebted to Dr. F. Simeon, Chief Physicist of Adam 
Hilger, Limited, and Mr. L. J. Spencer for reading the proofs and for 
valuable suggestions, and to Mr. T. L. Tipped for the preparation 
of the index. 

F. TWYMAN. 

C. B. ALLSOPP. 


1 “ Absorption Photometry and some of its Applications to Chemistry," 
F. Twyman, Chemistry and Industry, Vol. XLIX, Nos. 26, 27, 28, 1930. 

2 " Conditions for Securing Accuracy m Spectrophotometry," Twyman 
and Lothian, Proc. Phys. Soc. 45 , Part 5, No 250, September 1933. 

" Spekker Photometer for Ultra-violet Spectrophotometry," F. Twy- 
man, Trans. Opt. Soc. 33 , No. i, 1931 and 193^- 
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WAVE-LENGTHS AND WAVE-NUMBERS' 


The position of a line in the spectrum is most generally indicated by 
the wave-length (X) of the vibration which produces it. The unit of wave- 
length is the Angstrom Unit, or “ angstrom,'’ as it is now called. It was 
intended to equal io~^® metre, and is accordingly often called the " tenth- 
metre." It is also equivalent to lo”® cm., oro*oooi[x, where (a is the micron 
or thousandth of a millimetre. Wave-lengths in the visible spectrum range 
from about 3900 A to 7600 A (A being the modern abbreviation for the 
angstrom). For the long waves in the infra-red, however, jx is often taken 
as the unit, so that X12500 A, for example, would be indicated by i-25(x. 

The wave-length scale was introduced by Angstrom in 1869, and until 
about the year igoo, wave-lengths were referred to his determinations as 
standards. In the course of time, however, they have been measured with 
increasing accuracy, and the latest measurements, based on interfero- 
meter determinations, are indicated by the letters LA. (International 
Angstroms). 

In connection with spectral series, whether of emission or of absorption 
spectra, it becomes important to specify the positions of lines either in 
'“oscillation frequencies " or by " wave-numbers." The most fundamental 
figures are the oscillation frequencies, since these are not changed when the 
medium is changed. But the determination of frequency requires an 
exact knowledge of the velocity of light, and it is more convenient to use 
the wave-number, or number of waves per centimetre ; thus 

Wave-number = I o®/X in angstroms. 

The word " fresnel " is sometimes used to denote the unit of frequency ; 

I fresnel =10^^ vibrations per second. 


USEFUL PHYSICAL CONSTANTS. 


Planck's Constant, 

Electronic Charge, 

Electronic Mass, 

I Volt-Electron 
Velocity of light, 

Avogadro’s Number, 
Mechanical Equivalent of Heat, 


A =6*542 X erg-secs. 
e =4-7668 X io~^® e.s.u. 
m - 9*04 X 10“"^® gm. 

= 1*59 X 10“^^ ergs, 
c =3x10^® cm per sec. 

N =6-062 xio^® per gm. molecule, 
J =4-185 X lo"^ ergs per cal. 


^ Abstracted from A. Fowler, Report on Series %n Line Spectra (Physical Society 
of London, 1922). 
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PART I-ABSORPTION SPECTRA 
AND THEIR APPLICATIONS 


CHAPTER I 

THE NATURE OF ABSORPTION 

When light passes through any homogeneous transparent medium it 
emerges diminislied in energy. Part of the light may be scattered at the 
surface, part scattered in the interior, and part regularly reflected at the 
surfaces. The rest of the light which is lost is said to be absorbed. It may 
be transformed into heat, or into fluorescent or phosphorescent light of 
wave-lengths differing from its own, as in the familiar behaviour of 
fluorescein solutions or the luminous ]xiints (‘inployed on watch dials, or 
it may cause chemical (** photochemical ”) action, such as the reaction 
between hydrogen aiul chloiinc* induced by sunlight, or the recent pro- 
duction of vitamin- 1) from (Tgosterol uiuUt irradiation, observed by 
Heilbron and his co-work(Ts. 

The absorbed light is of great interest to chemists. The study of 
])hot()chemical reactions has thrown light on many problems, and, together 
with investigations of the fluorescence which often accompanies photo- 
chemical changes, it can give valuable infonnalion as to the manner in 
which a molecule bre^aks u[) and tlu‘ (au'rgy changes involved. An exact 
(juantitative knowledge* of the primary absor[)tion process is thus funda- 
mental ^ ; ])ut it is also of value in oth(‘r directions. In a c[ualitative way, 
such knowledge has beeai (‘inploye^d for a long time. Whenever, in the 
course of lus work, a ('lu'inist has (xa'asion to observe* a e'olour, and to 
elraw a deduedion from that obse‘r\'ation, he* is utilising a form e)f absorp- 
tion si'iectroscoj^y. In this way, e:olorimeti ie* te'sts an* applied in analysis, 
both <piahtati\'e‘ly and e[uantitalively, and have* preivide'el a means, even 
if crueh*, eil following the ])rogre‘ss of ch(‘mie'al reactions. Some ceilori- 
inetric te*sts, howe\'(‘r, (\an lx* made* e'xt r(‘m(‘ly sensitive*, anel tlu'y can then 
be useel for accurate* el(*te*rminatie)ns, as in the* case* of the Nessler reagent 
e‘mj)le)yeel in water analysis. W1 h*ii, th(‘re‘fore, in place* of the* e*ye we 
substitute* a <[uartz sj)e‘e'tre)graj)h, which expose‘S te) eibse'rvation an aeleli- 
tie)nal spe*e'tral range* e-e)nsiele‘rably gre‘ate‘r than that for which the* eye^ is 
se'iisitive*, anel aelel nR*ans of in(*asuring the* prope)rlion of raeliation e)f each 
wave-le*ngth which is abs()rix*(l, it is not surprising that we arrive* at a 


^ See Style, " l^holoi ht'inistyy (1930). 
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8 THE PRACTICE OF ABSORPTION SPECTROPHOTOMETRY 

very powerful and precise method of discriminating between different 
substances, estimating the strengths of their solutions and their purity, 
and of obsennng the rates of chemical changes. Some of these applications 
of absorption spectrophotometry will be described in more detail in a latci 

chapter. . . 

Some of the advantages of making observations of absorption in the 

ultra-violet with quartz apparatus are illustrated in Figs, i, 2, 3, 4 and 5. 
Fig. I shows the difference in transparency of various types ol optical glass, 
as compared with that of quartz, in a thickness of i cm., which am be seen 
to be completely transparent down to the limit of the aluminium spark^ 
spectrum, whereas glass is opaque to wave-lengths below 3100 A lor crown 
glass and below 3500 A for dense flint glass, although a special " ultra- 
violet ” crown glass transmits down to 3000 A, transmitting 25% of the 
radiation at 3100 A. Most quartz is transparent, in a thickness of i cm., 
to radiation of wave-length 2000 A, and some specimens will transmit 
the 1854 A line of the aluminium spark spectrum. Feyond this wa\’e- 
length, however, both quartz and air absorb strongly, and it is necessary 
to work with fluorspar optical systems in vacuo. ^ 

Fig. 2 compares the transparencies to ultra-violet light of four liquids 
commonly used as solvents in absorption spectrum wairk, namc'ly wnicr, 
ethyl alcohol C2H5OH, cyc/ohexane and carbon tetniehloride ('('Ij. 

The light source employed for these photograjdis was a liydrogen dis- 
charge tube, giving a continuous spectrum over a xcry wid(‘ rangi' ol wave- 
lengths. The figure shows that, while all lour ol tlu\se lujiiids arc‘ trans- 
parent over a wide region of the spectrum, they begin to cut oil tlic' light 
at different short wave-length limits The actual wa\'c‘-leiigths are sot 
out in Table II on page 67, Chapter V. With a more powcrlul light-source, 
such as the tungsten-steel spark, it is found that the licpiids arc still 
transparent to shorter wave-lengths (Fig. 3). 

Many substances absorb so strongly at short wa\'e-lengths that toxeept 
in very high dilutions, they appear to be completely opacjiie in this way 
beyond a certain limit. Others, on the contrary, exhibit bauds which are 
confined to a narrow range in the spectrum. I'liis is illustrated in 
Fig. 4, The third of the photographs was taken, using an iron arc, through 
a film of Canada balsam o-i mm. thick. It transmits only to 2590 A. 
Canada balsam is used for cementing togctluu' parts ol optical apparatus, 

^ A reproduction of the alummium spark spectrum, on which the ])rmcipal lines 
whose wave-lengths have been reliably measured are marked, will also be lound 
facing the title page. This spectrum is included here on account ol its great value in 
spectrophotometry at shortwave-lengths, and because reproductions are inaccessible 
in the literature. 

“ Or with vacuum grating spectrographs. 1" of air at atmosphciic pressure, or 
I mm. of quartz, both transmit X = i67o A. 
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but the spectrum indicates that it is unsuitable for this purpose if observa- 
tions at short wave-lengths are required. The application of mono- 
bromnaphthalene is limited in a similar way. The fifth and second 
exposures in this figure, however, which are of carbon bisulphide and of a 
10% solution of acetone in alcohol (i mm. tube) respectively, show 
examples of the other type, in which a region of absorption is followed 
by one of transparency, and then by further absorption.^ 

Finally, Fig. 5, which is reproduced by kind permission of Dr. F. P. 
Bowden, contains four spectra of biological interest. They are, respec- 
tively, those of ergosterol before irradiation, and of irradiated ergostei'ol, 
of ^-carotene, and of p-carotene at very low temperatures. The last 
two spectra are reproduced, not in the form of the original photo- 
graphs, but as the intensity curves obtained by examining thes(‘ 
with a recording microphot oineter, and their significance will be mentioned 
in Chapter III. 

General and selective absorption. 

It was formerly usual to distinguish between two kinds of absorption, 
general and selecti\a\ Whore the intensity of absorption increases 
continuously towards one end of the spectrum or the other, the absorpt ion 
was said to lie " general " , where tlu^ absorption varies in such a way that 
a graph of the percentage of light absorbed plotted against wav(*-length 
sliows maxima and minima, it was said to be selective." Thus, in Ihg. <S, 
the part of the ciirv'e between A and B corresjionds to general absorption, 
whilst in the wave-length range B-C the absorption is clearly sc‘k‘ctiv(\ 

In actual fact, there is no real distinction of the kind indicat (‘d by 
these words, as all absorption is selective', that is, is conditioned by th(‘ 
presence of absorption bands. Quartz, lor instance, begins to absorb 
strongly in the infra-red at about qp. As this wave-length is approacl u‘d 
the quartz begins very gradually to become less tiansparent, and llu' 
absorption increases with increasing wave-length in a way that would 
entitle it to be called " general". At g[x the absorption rapidly bt'coines 
so intense that it produces almost complete opacity; but furtlu'r into 
the infra-red, transmission begins again, and at io-8[x a plate of cpiartz 
2 mm. thick passes over 80% of the radiation which is incident on it. 
The regions of highly selective absorption between the two wa\a‘-lengths 
mentioned are also associated with the residual rays [RcststraJiloi), that is, 
they include wave-lengths at which radiation is completely reflected, as 
if from a metallic mirror 

^ The absence of lines towards the red ends of these spectra is due to lacdc ol 
lines in the aluminium spark and the other liglit sources S]')ectrum, and to lack ol 
sensitiveness m the photographic plates. 
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On the other hand, at very short wave-lengths, near and in the 
Schumann region of the spectrum (X<2000 A), the absorption of many 
compounds in both liquid and gaseous states often ceases to be purely 
selective, and appears to become continuous,'’ radiation of all wave- 
lengths now being completely absorbed. This phenomenon perhaps^cor- 
responds to decomposition of the molecules, whereas selective absorption 
seems to be more characteristic of definite groups, or arrangements of 
atoms, inside the molecules. Both selective and continuous absorption 
can thus be of great interest in chemistry. 



The Absorption of Withente between I3 {jl and lyp 
(after Schaefer, Barmuth and Matossi) 

The Quantum Explanation of the Emission and Absorption of Light. 

Absorption of light has long been thought of as a resonance pheno- 
menon. Probably it was Angstrom who first conceived the notion that 
light is absorbed by a substance owing to the correspondence between the 
periods of vibration peculiar to the molecules and those of the light 
absorbed. On this hypothesis was formed his recognition of the corre- 
spondence between emission and absorption which in its clear statement 
by Kirchhoff in the well-known Kirchhoff's law^ was the foundation of the 
science of astrophysics. Kirchhoff’s law at once suggested that the dark 
lines in the solar spectrum were absorption lines due to vapours of sub- 
stances which in terrestrial sources produce emission lines of the same 
wave-length. 

^ “ Das Verhaltmss zwischen dein Emissionsvermogen und dem Absorptionsver- 
mogen ist fur alle Korper bei derselben Tempera tur dasselbe." Kayser, Handbuch 
der Spectroscopic, Vol. II. p. i6. 
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So long as the idea of absorption of light by resonance is not examined 
too closely it gives an easy and satisfactory picture, just as a few decades 
ago the idea of the atom with electrons rotating about a heavy nucleus was 
accepted as an explanation of the emission of spectrum lines and even as 
an explanation of the Zeeman effect. When, however, efforts were made 
to examine the explanation more closely, difficulties arose, although these 
did not entail the rejection of the basic conception. 

Perhaps the most obvious difficulty in this pre-quantum explanation of 
the emitting atom is that the period of the rotating electron must, on 
classical theory, be that of the rotation in the orbit. But, on that same 
hypothesis, as the atom radiates energy it must necessarily change its 
orbit owing to loss of energy, with a consequent change of period, a de- 
duction which makes the formation of sharp spectrum lines mysterious. 
It was to overcome this and other imperfections in the hypothesis that 
Bohr in igi2 applied the conceptions of the quantum theory to light emis- 
sion. For this purpose, Bohr adopted the ideas of atomic structure which 
had been put forward by Rutherford on the basis of his fundamental 
experiments on the scattering of a-particles. On this theory, the atom is 
still pictured as consisting of a heavy nucleus, charged positively, around 
which is a collection of circulating electrons. In a normal atom, the 
number of electrons is equal to the nett positive charge of the nucleus. 
Sometimes, however, the atom loses one, two, or more of its electrons 
when it is said to be ionised. The charge of the nucleus determines 
alike the normal number of its cortege of electrons and the chemical nature 
of the element. Helium remains helium, m the sense that the nucleus can 
easily collect electrons and become a neutral atom of helium again, even 
when it has lost one or both electrons ; and so with the other atoms. 
Such an atom may he regarded as capable of existing in a number of 
different states, to each of which pertains a definite energy of the system, 
but it is only when it changes from one of these states to anotlier of less 
energy that it emits energy in the form of radiation. 

In the course of the twenty years since it was first propounded, the 
original theory has naturally undergone considerable modilication in its 
detailed application, but there appears to be no doubt that the process 
of radiation is a concomitant of a change of energy in the atom, that 
such changes can only take place by transition from one energy state 
to another, and that the character of the radiation is allied to the 
change of state of the atom in the following way : — For a given atom a 
series of energies E^, Eg, E3, etc., alone is possible. These energy states 
can persist without any radiation taking place, but if the energy of the 
atom is reduced from Eg to Ei, the difference in energy Eg -E^ is emitted 
as a monochromatic radiation whose frequency v of vibration is determined 
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by Bohr’s relation Av ==Ej^ - Eg, h being the universal constant introduced 
by Planck in 1901, in his Quantum Theory of Radiation, which was based 
on considerations which at that time had no very obvious connection with 
spectral lines. 

With the advent of wave-mechanics, the picture of the atom as a 
minute solar system is recognised as being too simple, but there remain as 
apparently permanent additions to knowledge the conceptions of energy 
levels in the atom, and of the relation between the wave-length of spectrum 
lines and these levels. 

The necessary preliminary to emission is that an atom or molecule 
shall be raised to an energy state above the lowest, or ground state, in 
which the unexcited system exists. This may be done by raising its 
temperature in a flame or furnace, or by an electric discharge, or by the 
absorption of incident radiation. Considering, for simplicity, the case of 
the atom only, in the so-called arc spectrum, one of the outermost electrons 
may be shifted from its lowest energy state to any one of a series of higher 
states of energy. This process is only limited by the complete removal of 
the electron, when the atom is left in a singly ionised ” state. The return 
of the electron from the first higher state gives the first line of a spectral 
series, from the next higher state the next line, and so on. By bombarding 
the atom with electrons of suitably chosen and approximately uniform 
energy as exciting agent, it is possible to excite a series line by line, but 
in the arc all states are produced at once (in, of course, dillerent atoms) 
owing to the lack of imitormity of exciting conditions, and all the lines 
of the series are observed simultaneously. The singly ionised atom is also 
capable, as an independent entity, of such step by step excitation, one of 
the remaining electrons acting as optical electron : the spectrum so 
produced is called the spark spectrum. Doubly and trebly ionised, and 
even more highly ionised atoms also have their own spectra, which he 
further and further in the ultra-violet as the degree ot ionisation is 
increased 

But the transfer of the atom from the ground state to higher states 
can also be eftected by the absorption of radiation. To every transfer 
corresponds the absorption of a quantum of radiation of appropriate fre- 
quency. Hence if radiation of a continuous range of irequeiicies be 
incident on the vapour of a monatomic element, eg. mercury, a series of 
absorption lines corresponding to transfers from the ground state will be 
observed, that is, the lines of the so-called principal series appear as 
absorption lines, and, in general, only these lines, since the light normally 
finds all the atoms in their ground state. Under certain conditions, how- 
ever, some of the atoms may be found in excited states, and then absorp- 
tion lines corresponding to these states as initial states will be observed. 
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The absorption spectra of molecules are much more complicated, and 
consist, not of lines, but of groups of bands, that is, spectral regions 
over which a whole range of wave-lengths is apparently absorbed. These 
are of three types, situated in the ultra-violet or visible spectrum, in the 
near infra-red, and in the far infra-red respectively.^ The ultra-violet 
bands, like the lines produced by atoms, correspond to electron transitions. 
Those in the infra-red, however, have been attributed to oscillations rela- 
tive to one another of the atomic nuclei composing the molecule in the case 
of the bands of shorter wave-length, and to rotations of the molecule 
as a whole in the case of those at very long wave-lengths. Under normal 
conditions, i c. for liquids and solutions, and for vapours and gases at ordin- 
ary pressures, the bands have the appearance illustrated in Figs. 4 and 5, and 
the methods of absorption spectrophotometry described in Part II can easily 
be applied to them. In vapours and gases at lower pressures, however, 
the bands begin to show signs of discontinuity, and under suitable pressure 
conditions, examination with instruments of high resolving power has 
revealed in many cases that they consist of discrete lines, as in Figs. 6 and 
7. These spectra may be assumed to be the true molecular spectra, the 
fine structure in which is blurred out by disturbing inlluences when the 
molecules are brought into close contiguity with other molecules, as they are 
in the solutions generally employed when the absorption s])ectrum of a 
liquid or solid substance is examined. From the point of view of molecular 
physics, the existence of line structurt‘ inside the absorption bands is 
clearly of importance, and since it can be explained quite simply on the 
basis of the quantum theory, it has assumed fundamental significance. 

The energy ol a molecule is made up of three parts, that ol its elec- 
trons, that associated with tlie vibrations of the atomic nuclei, and the 
energy of rotation. Each ol these energies is quantised, just as the 
electronic energy of an individual atom is quantised. The molecule can 
thus exist only in a limited number ol “ electronic,” " vibrational,” and 
'' rotational ” states. I'he absorption bands m the far infra-red correspond 
to transitions from one such rotational state to another, and their long wave- 
length indicates that the energy changes involved are very small, about one- 
thousandth to one-hundredth of a volt.^ The vibrational bands m the near 
infra-red, on the other hand, correspond to changes roughly 100 times as 

^ The " near ” infra-red is the region of the spectrum extending Jrom the red of 
the visible spectrum to a wave-length of about 23[x, whilst the “ far " mJra-red lies 
between this wave-length and 30op,, that of the shortest elcctiic waves which can 
be excited by oscillatory electrical circuits. 

^ This is merely a conventional method of representing energies. A volt is, of 
£:ourse, not a unit of energy, but used m this sense, an “ energy ol i volt is the 
energy which would be possessed by an electron alter falling through a potential 
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large, of the order of i/io volt. A transition of the molecule from one 
vibrational state to another may be accompanied by a simultaneous 
rotational transition, which may be different from molecule to molecule, 
even though they are all undergoing the same vibrational change. The 
absorption spectrum which results, therefore, does not consist of a single 
line, but of a number of closely spaced lines separated by wave-lengths 
corresponding to the very small differences in the energies of the 
rotational states. It is these lines which constitute the fine-structure 
of the '' vibration-rotation bands, of which an example is shown 
in Fig. 6, reproduced by kind permission of Professor R. Mecke, of 
Heidelberg. 

The fine-structure of the electronic bands (Fig. 7), although it is still 
more complicated, can be explained in a similar way. The energy re- 
quired to produce spectra at wave-lengths in the middle ultra-violet region 
is of the order of 5 volts. Each electronic state or level in this region is 
associated with sub-levels,"' about i/io volt apart {i.e. about 1/50 of the 
electronic energy) which correspond to the vibrational states in which 
molecules in one and the same electronic state may exist. The absorption 
resulting from a transition from one electronic state to another will there- 
fore not consist of a single line, since different vibrational transitions may 
occur in different molecules simultaneously with the same electronic 
transition, but of a series of bands separated by about 1/50 of the wave- 
length of the electronic transition itself, e.g. by about 60 A at 3000 A. 
Each vibrational transition, however, as we have seen above, is also 
associated with various rotational transitions, so that each band will itself 
in turn have a fine structure with a separation between the lines some 
100 times less, that is, about i A. Every electronic change occurring in a 
polyatomic gas or vapour thus produces a hand system where an atom 
gives only a single line, and the whole series of such systems forms the 
complete electronic (ultra-violet) spectrum of the molecules. The total 
number of states of vibration and rotation of the molecule is quite large, 
and it might be expected that the electronic bands would contain a 
correspondingly large number of fine-structure lines. Fortunately, how- 
ever, it seems that only certain rotational transitions are permitted, and 

difference of one volt. Using the value of the electronic charge 5=4-77x10“^*^ 
electrostatic units, or 1*59 x io“2o electromagnetic units, 

I volt-electron = 10® x r'59 x 10“^® = 1-59 x io~^^ ergs. 

The wave-length X corresponding to an energy of V volts is easily deduced by 
means of the quantum relationship 

Ye=:hv, 

h being Planck’s constant, and v the frequency. v—cjX, where c is the velocity of 
light. h—6‘S5 xro~’*^ erg. secs. ^=3 x 10^® cm. per sec 
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this limits the number, so that, at least for simple molecules, the spectra 
can still be analysed. In liquids, the intermolecular forces introduce 
serious disturbances, and the fine structure disappears, with the result that 
each electron transition produces a single wide continuous absorption 
band, of the kind which is normally observed with solutions of organic 
compounds. 

Whatever the extent to which a complete physical theory of absorption 
may eventuate in the next few years, it is quite certain that measurements 
of absorption will become of increasing interest on theoretical grounds. 
But some of the chief applications of absorption spectra, e,g. in chemistry, 
are empirical in nature. Whether made for theoretical or for empirical 
purposes, such measurements to be of the fullest value must be quantita- 
tive, that is, an accurate determination of the proportion of energy 
absorbed at each wave-length must be made. Experimental methods 
specially designed for this end are described in Part II of this book, but 
before proceeding to a more detailed description of the instruments and 
their applications, it may be well to recapitulate the two principal laws 
of absorption, and to state the nomenclature now generally adopted in 
this field of research. 


CHAPTER II 

LAWS OF ABSORPTION AND THE NOMENCLATURE OF 
ABSORPTION SPECTROPFIOTOMETRY. 

Nomenclature and Notation. 

The subject of absorption spectroscopy has been unfortunate in 
becoming encumbered with a too voluminous vocabulary. Many of the 
terms to be found in the literature are of little use or interest ; many are 
redundant. As long ago as 1905, Kayser wrote : '' It would be highly 
desirable that the uncertain use of various designations should be brought 
to an end. ... In many papers the measurements are useless, as authors 
have neglected to describe clearly what they measure. For instance, if they 
give the ‘absorption coefficient' one does not know what they understand 
under this name."^ As a first attempt to introduce uniformity, Kayser 

^Translated from Handbuch der Spectroscopte, Vol. Ill, p, 14 (1905). 



i6 THE PRACTICE OF ABSORPTION SPECTROPPIOTOMETRY 


proceeded to set out the nomenclature which he subsequently used 
throughout his Handbuch/' but unfortunately he himself used the term 
“ extinction coefficient in a sense different from that in which it was 
originally defined by Bunsen and Roscoe, as described below, which is thc‘ 
one generally adopted. 

With the advent of modern methods of measuring absorption, the* 
possibility of confusion increased and the necessity for the adoption of a 
standardised nomenclature became correspondingly more urgent. Au 
attempt in this direction was made in 1924 in a preliminary draft of a 
report by Irwin G. Priest to the Committee on Standards and Nomencla- 
ture of the Optical Society of America. New terms were suggested, and 
these have been used in some of the publications of the JInreau ol Stan- 
dards. The draft was never completed or printed but particulars are to 
be found in Bureau of Standards Scientific Paper 440.^ 

The nomenclature there set out is different again from that em])loye(l 
by Victor Henri, who made the first systematic quantitative study ol thc‘ 
absorption spectra of organic compounds. ^ The nomenclature used In* 
Henri has been extensively used since by other workers, and has morc‘- 
over been adopted recently in the International Critical Tables.^ Vor 
this reason it will be used m the present book, and, for convenicMice of 
reference, it is reproduced in Table I. 


Laws of Absorption. 

Quantitative measurements of absorption are based on two hmda- 
mental laws concerning the relationship between the intensitu's oi tin* 
light transmitted by a layer of an absorbing substance and that ol the light 
incident on it. 


I. Lambert’s Law states that the proportion of light absorbed by a 
substance is independent of the intensity of the incident light, hliis law 
appears to be rigidly true in all experiments which ha\'e been madi'. The 
law can also be stated in the form that each successive layer ol the 
medium absorbs an equal fraction of the light passing through it ’h This 
statement is expressed in the equation 

where lo and I are the intensities of the light entering and transmitted liy 
ickness I of the substance, and (j, is a constant wliicli is known as the 


^P. 1^4 (1924). 


“ Qt. also the report of the O S A. Progress Commitl 

Spectrophotometry,” Opt Soc. Amev.. Vol. lo. No. 2, p 
‘"Etudes de Photochimie (1919). 

^ InUi ,iaiional Critical Tables. Vol. V, p. 359 (1929). 
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absorption coefficient of the substance.^ The constant generally employed, 
however, is the extinction coefficient, which was defined by Bunsen and 
Roscoe as follows ^ : — '' Let Iq be the intensity of the incident light which 
enters the medium, I the intensity remaining after its subsequent 
passage through a path length I, and i/K the path length, passage 
through which reduces the light intensity to i/ioth ; then 

I=Io.io-^^ 

where K, a constant depending on the medium, is called by us the ' extinc- 
tion coefficient/ I is to be taken in centimetres/' The Bunsen-Roscoe 
extinction coefficient is, then, the reciprocal of the thickness which is 
necessary to weaken the light to i/ioth of its incident value. It is 
represented by K and it is related to the absorption coefficient [x by the 
equation 

pi =2*3026 K. 

2. Beer's Law, which was based on quantitative photometric observa- 
tions on the absorption of red light by aqueous solutions of various in- 
organic salts, ^ states the relationship between the intensities of the 
incident and transmitted light in a different way, namely that the absorp- 
tion is proportional to the number of molecules of absorbing substance 
through which the light passes. If the absorbing substance is dissolved in 
a non-absorbmg medium, the absorption will then be proportional to the 
concentration of the solution. If Iq is the intensity of the light entering 
the solution, I that after passing through a thickness I of it (expressed in 
centimetres), and c is the concentration, Beer’s law can be expressed 

Here a is a constant for the absorbing solute and is obviously the ratio of 
the transmitted to the incident intensity for unit thickness and unit 

^ By ‘‘ Intensity of Liglit ” is meant the (luantity of light energy incident on unit 
area in one second (ergs per cm “ per sec ), or m terms ol ciuantum theory, the inten- 
sity ol a given wave-length is tlie number ol (pianta of that wave-length or frequency 
reaching i cm.'-^ m i sec In considering instruments for measuring absorption, 
account must be taken ol the fact tliat although it can be arranged that the intensity 
IS uniformly distributed m a giv'en ])lane, if we limit that plane by a boundary (e.g. 
a slit or diaphiagm) the intensity ol the radiation will not be uniform at any other 
plane, unless this is an inuige ol the first. Since L and I refer to planes prior and 
subseciuent to passage of the light through the medium, the phrase “ intensity of 
light " cannot strictly have the same significance for both ol them If, however, for 
“ intensity of light ” we substitute “ c[uantity of light energy ” or " number of light 
quanta,” this objection is removed. 

^ Pogg Ami , VoL 177, p. 238. 

^ Vol. 86, p. 78 (1852). 

B 
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concentration. If s is written for K/c, the second expression for 
Lambert^s law is converted into Beer's law in the form 

I=Io.io-'*^ 

In other words the extinction coefficient, for a given wave-length, of a 
solution of concentration c'' is c times that of a solution of unit 
concentration, while for a given substance, cl is a constant for a given 
ratio of I to Iq. When c is expressed in gramme-molecules of absorbing 
substance per litre of solution, s becomes a measure of the absorption due 
to a single molecule, and it is then known as the molecular extinction 
coejfficient. It is this quantity which is most conveniently employed when 
comparing the absorption spectra of different substances. 

Table I — NOMENCLATURE OF ABSORPTION SPECTROPHOTOMETRY 


Term 

Symbol 

Definition 

Density ----- 

d 

d = logiQl^/I 

Extinction Coefficient 

K 

I=Io.IO-'I^ 

Molecular Extinction Coefficient 

e 

I = Io.io-«' 

Absorption Coefficient 


1 = 10-^-"' 

Absorption Index - - - 

k 

I=Io. 


Iq = intensity of the light entering the medium. 

I = intensity remaining after its passage through length 1 . 

I = length of path in cms. 

c = concentration of absorbing substance in solution expressed in gramme — 
molecules per litre. 

Two other terms which appear in the literature of absorption spectro- 
])hotometry need to be mentioned here. The first of these is the density 
of a medium, introduced by Hurter and Driffield in connection with their 
researches on the blackening of photographic plates.^ If I and have 
the same significance as in the previous paragraphs, then d, the density 
of the medium, is defined by the equation 

I = Io.io~‘', 

d is obviously related in a simple way to the molecular extinction 
coefficient since 

d —eel. 

For this reason, it is convenient to calibrate the scales of spectrophoto- 
meters to read directly in densities, and this is the general practice lor the 
instruments constructed by Adam Hilger Limited which will be described 

^J.C.S.I., 9, May, 1890. 
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in Part II of this book. The term is useful because the total density of a 
number of media is equal to the sum of their separate densities. 

The other term, known as the absorption index, k, is used mainly in 
mathematical papers on absorption. It is defined by the equation 

where X is the wave-length of the light for which the absorption is to be 
specified, k can be converted into s by the simple relationship. 

^=0-183 ckz . 


The Validity of Beer’s Law. 

Beer’s law was tested as long ago as 1873 by Vierordt, who devised the 
first method of absorption spectrophotometry with any claim to accuracy,^ 
and it was repeatedly confirmed by other workers after him. Neverthe- 
less, despite the lack of sensitivity of the semi-quantitative methods which 
were generally employed before the development of modern spectrophoto- 
meters, apparent exceptions were reported from time to time, so that in 
1917 the statement was made that “ this ' law ’ of Beer has been shown to 
be the exception rather than the rule.” ^ Since then, a number of very 
accurate investigations of the validity of both the laws of absorption have 
been carried out. Prominent among these is the work of von Halban,® 
who, after reviewing all the measurements made in the preceding twenty 
years, concluded that deviations from Beer’s law can generally be attri- 
buted to chemipal change in the absorbing molecules. Measurements by 
the very sensitive photo-electric method which he had developed showed 
that the law is actually obeyed in very dilute solutions of substances which 
had previously been reported to behave abnormally, His observations on 
solutions of potassium chromate also confirmed Lambert’s law very 
exactly. 

The deviations from normal behaviour exhibited by cobalt salts, which 
had led Hulbcrt to reject Beer’s law, had already been attributed to the 
formation of complexes More recent examples in which such deviations 
can be explained on chemical grounds are the variation with dilution of 
the absorption spectra of iodine in various solvents, attributed to the 
presence of I^ molecules,^ and similar variations in the case of tartaric 
acid, which can be explained in exactly the same way as the anomalous 
rotatory dispersion of this compound, namely that the solutions contain 

1 K. Vierordt, Die Anwendung des Spektralapparats zur Photometne der Absorp- 
tionsspcktren und zur quanMahven chemischen Analyse. Tubingen, 1873. 

^ Hulbert, ] . Phys Chem., Vol. 21, p. 150 (1917). 

®See Halban and Ebert, Zetts. phys. Chem , Vol. 112, p. 321 (1924). 

^ Groh and Papp, Zeits. phys. Chem., A, Vol. 149, p. 153 (1930). 
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two forms of the acid molecule in equilibrium.^ In many cases, e.g. for 
most derivatives of benzene and those of many heterocyclic compounds,^ 
for various electrolytes at high dilutions, and even for colloidal solutions,^ 
the law has been shown to be strictly valid. 

It seems safe to conclude, therefore, that when the absorption of a 
substance does not follow Beer's law, the reason is to be sought, not in 



5 592mCaCl2in2 cm tube i Sb.iinCaClain 6 cm tube 
Ordinates represent molecular extinction coefticients. 

Fig. 9. 


invalidity of the law, but in some change in the absorbing molecules, such 
as the formation or disintegration of molecular aggregates, interaction 
between solvent and solute, or disturbance of equilibrium, depending on 
concentration, between two types of absorbing mok'cule present in the 
system. A discussion of some of the problems involved here is to be found 
in a recent paper by Darmois.^ 

Fig. 9 is a typical example of the kind of result obtained when Beer's 
law is not obeyed. For solutions in which it is strictly valid, the law can 

^ Lucas and Schwob, J. de Phys., Vol 3, p. 53 (1932). 

^ Goslawski and Marschlewski, Acad. Polonaise Sci et Leiires, Bull,, 4-5, A, p. 383 

(1931)- 

^ Lange, Zeiis. phys. Chem., A, Vol. 159, p. 277 (1932). 

^ Darmois, Comptes Rendus, Vol. 197, p. 1120 (1933). 
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be applied directly to the analysis of mixtures of two substances, provided 
that their absorption spectra are sufficiently different from one another. 
The algebraic expression of the analysis for two such cases is set out on 
pages 41-44, and applications will be mentioned in the next chapter. 


CHAPTER III 

SOME RESULTS AND APPLICATIONS OF ABSORPTION 
SPECTROPHOTOMETRY AND THE RAMAN EFFECT 

Earlier Work. 

The earliest recorded observations of absorption spectra were made by 
Brewster in 1833, though the first serious work done in the ultra-violet 
appears to have been that of W. A. Miller and G. G. Stokes. In 1862 
Stokes and Miller independently communicated to the Royal Society 
the results of experiments on the transparency of various substances 
in the ultra-violet.^ In Stokes’ instrument the ultra-violet rays were 
rendered visible by fluorescence, but Miller’s was a true quartz spectro- 
graph. With this instrument he determined the absorption of a number 
of su])stances. Of all the substances he tried, ice (and water), fluorspar 
and hydrate of ammonia were the only ones which did not cut off some 
of the rays transmitted by the quartz spectrograph — although some other 
liquids examined by liim (alcohol, glycerine) must, one supposes, have 
been impure, since had tliey not been so he would have found them no 
less transparent than water. He also tried gases, and the reflection 
from polished surlaces of many kinds — finding instances of absorption 
in both sets of experiments. In this paper he describes the selective 
absorption of silver, and the absorption spectra of 21 solids (eight of them 
being glasses), 109 solutions and other liquids, 25 gases and 16 polished 
reflecting surfaces. 

In 1872, Hartley came into possession of the instrument which Miller 
had used, imjiroved it and continued the earlier investigations.^ Miller 
had been unable to lind any relation between constitution and absorption 
spectra, although he writes, '‘The most interesting fact, however, 
disclosed by these various experiments is the persistence of either the 
diactinic or the absorbent property m the compound whatever be its 

^ rinl Trans , 152 II. -Ibid. j). 875. 

^ ScL Pioc Roy. Dublin Soc (3) 3 , p 93 (1883). 
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physical state — a circumstance which proves that the property under 
examination is intimately connected with the atomic or molecular nature 
of the body, and not merely with its state of aggregation/’ ^ We shall see 
that Hartley was to have somewhat better success. 

During the hundred years which have elapsed since Brewster’s observa- 
tions, the spectra of an enonnous number of substances have been 
measured. So significant is the information which can often be obtained 
in this way that the absorption spectrum is now one of the first properties 
of a newly produced compound to be investigated. Unfortunately, much 
of the work done prior to the last twenty years was valueless, since the 
methods employed were either entirely qualitative, or at best, semi- 
quantitative, compared with those available to-day. Some uniformity 
was introduced, however, by Hartley and other workers after him who 
developed a method in which the wave-lengths at which various thick- 
nesses of a given solution ceased to transmit were recorded photograph- 
ically. By diluting the solution progressively, the course of the absorption 
could be followed up to its maximum of intensity, and a curve of equivalent 
thicknesses of standard solution (or the logarithms of these thicknesses) 
as ordinates against the observed limiting wave-lengths transmitted as 
abscissae then reproduced the main characteristics of the absorption band.^ 
Whilst the wave-lengths of the maxima of absorption so recorded are 
fairly trustworthy, these curves do not give any accurate idea of their 
intensity, nor, unless the conditions of measurement were identical, can 
the curves for two different substances be compared with one another. 
The method also fails to reveal the detailed course ol the absorption, as 
can be seen by comparing the absorption spectrum of benzene as recorded 
by Hartley, Fig. lo, (reproduced from Kayser ^), with the curve shown in 
Fig. 25, which was obtained by a modern photometric method. 

On the basis of extensive measurements of absorption spectra of this 
kind Hartley, and a good deal later Baly and others, attempted to 
establish a relationship between the chemical constitution of an organic 
molecule and its absorption spectrum. They found that similarity in 
absorption spectrum does in fact often correspond to similarity in struc- 
ture, and they were able to apply this result to the elucidation of problems 
of molecular structure when ordinary chemical methods had failed. It 
was found possible to attribute the development of colour in a compound 
to the presence of certain chromophoric ” groupings which were known 
to be present in dye-stuffs, whilst absorption measurements were also 

^ Journ. Chem. Soc,, vol 17, p. 75 (1864) 

2 A description of the method can be found in Kayser’s Handbuch der Speciroscopia, 
Vol. Ill, Chapter 3 of which was written by Hartley ; or in Baly’s Spectroscopy. 

^Handbuch d. Speciroscopia, Vol. Ill, p. 175. 
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applied to the study of tautomerism, as in keto-enol equilibria.^ More 
modern work, however, has shown that applications of this type may often 
lead to false conclusions, and should only be made with great caution. 
Further reference to this will be made below. 

Schwingnngszahlen 

JDicke der 



The Absorption Spectrum of Benzene (Hartley) reproduced from 
Kayser’s Handbuch der Spectroscopic. 

The Investigations of Victor Henri. 

One of the disadvantages of these earlier measurements was that 
they were made chiefly with substances of very complex structure. The 

^ For an account of this earlier work, see Baly’s Spectroscopy, or Smiles, The 
Relationship between Chemical Constitution and some Physical Properties, or Kayser 
loc cit I-Iartley must undoubtedly be considered the pioneer in this branch of the 
subject. 
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first systematic investigation of the ultra-violet absorption spectra of 
simple organic compounds was carried out by Victor Henri and his pupils.^ 
Henri employed a quantitative method which enabled him to plot mole- 
cular extinction coefficients e against wave-lengths X. It depends on the 
result obtained by Schwarzschild that the blackening of a photographic 
plate is related to the intensity I of the light incident on it and the time 
t of exposure by the expression 

density of blackening cc 

where w is a constant depending only on the type of plate and the method 
of development. Spectra are photographed alternately through equal 
lengths I of solvent, for time and solution, for time t, and the wave- 
lengths at which the blackening produced on the plate is the same in each 
spectrum are obtained. If lo and I are the respective transmitted inten- 
sities, then at these wave-lengths 

It is clear that I is virtually that part of an incident intensity Iq which 
would be transmitted by the solute alone, so that 
«^=logioIo/I='>»logioW^o)- 

The method involves an independent determination of 7 i, but it is a great 
improvement on the earlier equivalent thickness ” method, although of 
course, it is not capable of the high degree of accuracy now obtainable by 
photometric processes. Nevertheless, the results obtaiiunl were of great 
value, and the method is still often used for special purposes when others 
are not so conveniently applicable. 

The first result of Henrds investigations was to show that the absorp- 
tion spectrum of a compound is not specifically charactta'istic ol the whole 
molecule, but only of particular radicals in it For example, all simple 
ketones exhibit an absorption band, with a maximum inUaisity about 
^raax = ^ 5 » between 2700 and 3000 A. The absorption cui\c‘ has the same 
characteristic shape for all ketones, but in a homologous series, the 
maximum moves towards longer wave-lengths, and its intensity increases 
as the weight of the molecule increases Other radicals behave in a similar 
way, and Henri extended the use of the term '' chromo})hor," which had 
previously been applied to the particular groups which could bc^ associated 
with visible colour, to cover any radical which gives rist‘ to such a char- 
acteristic absorption spectrum. 

When more than one chromophoric group is present 111 the molecule, 
the appearance of the absorption spectrum is changed, but llenn was able 
to identify two types of effect, and while later work has shown that this 

^ A resume of this work is contained m Etudes dc Pholochimic (1919). 
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classification is by no means so rigid as he at first suggested, it neverthe- 
less provides a useful guide in the analysis of more complicated spectra. 
Thus, when the chromophoric groups are separated in the molecule by 
two or more saturated C - C linkages, the spectrum contains the bands 
characteristic of each, perhaps enhanced in intensity. If the chromophors 
are closer, and, in particular, if they form part of a conjugated'’ con- 
figuration, the bands may either be displaced considerably towards 
longer wave-lengths, or a completely new absorption system, now char- 
acteristic of the conjugated structure, may be produced. An example of 
the former type is furnished by camphor, exhibiting the single band 
corresponding to its single ) C = O group, and camphorquinone, with two 
such groups, which absorbs in the visible spectrum and is coloured yellow. 
The conjugation of two ethylenic groups, on the other hand, appears to 
produce a completely new absorption band at longer wave-lengths than, 
and quite different in character from, that of a single C = C bond. This 
displacement of the absorption towards longer wave-lengths often gives 
rise to colour, as in the multiply-conjugated compound carotene and 
in other similar natural plant colouring matters. 

The Identification of Unknown Substances. 

On the basis of such generalisations, tentative though they arc, it is 
possible to begin to apply the ultra-violet absorption spectra of liquids or 
solutions to the elucidation of problems of molecular structure, without 
recourse to methods depending on observations of finc-slruchire m infra- 
red or ultra-violet bands of gases and vapours, which will be described 
below. They must always be used, however, with great caution, and only 
in conjunction with other methods of approach. A similarity which 
does not amount to an idenlity of spectra can only be interpreted as 
indicating similarity ol structure. In the same way, analysis based on 
observations of absorption alone may easily lead to false conclusions. This 
is particularly the case m biological chemistry, whei'c the substances 
concerned are usually complex, in which case small dirfercnces 
in constitution do not produce such radical changes m the absorption 
spectra. Thus, serum pseudo- and eu-globulin have similar absorptions. 

However, given that the absorption spectrum of the unknown sub- 
stance IS similar to that ol a known one, identity can I)c established il the 
necessary additional inlormation is available. This can be obtained in 
various ways * [a) Irom similarity of chemical behaviour or analysis ; (/;) 
from other physico-chemical proj^erties, eg optical rotatory power if the 
substance is optically active ; {c) from similarity in jdiysiological activity, 
as 111 drugs or the vitamins ; or (d) Irom a study ol the behaviour ol the 
abs(u-ption under dillerent conditions, e.g at very low temperatures, as 
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will be described below. An example of the application of such factors 
was the identification of very minute quantities of the unknown substance 
vitamin A in certain oils, by Woodrow,^ and by Morton and Heilbron.^ A 
similar observation was made by Capper,^ who found that substances ex- 
tracted from the liver of rats fed on carotene gave absorption bands 
identical with those of vitamin A. Warburg ^ has also been able to estab- 
lish the identity and function of the respiratory ferment by correlating the 
absorption spectrum of the living cells with the variation with wave- 
length of the photochemical effectiveness of the incident light. 

Quantitative Applications of Absorption Spectra. 

Once the absorption spectrum of a compound has been established and 
it is known that the solutions obey Beer’s law, this law may be applied to 
quantitative analysis. Experimentally, the problem is one of determining 
the extinction coefficients with great precision for a few, or ovei 
a narrow range of wave-lengths, and the method employed must be 
adapted for this purpose. An important application of this type has been 
in the estimation of alkaloids, which, according to Eisenbrand,® can be 
detected m quantities of o*i mg by absorption methods. The method also 
has its use in the control of the purity of foodstuffs, and these two special 
subjects are described at greater length in an Appendix at the end of 
Part II. The recent rapid developments in the study of the vitamins, and 
their preparation on a commercial basis, have demanded constant applica- 
tions of absorption spectrophotometry, both for purposes of identification 
and for quantitative estimation of the products. In the case of \ntamin A, 
the process has now been reduced to a matter ot routine practice by the 
introduction, by Adam Hilger Limited, of a new specialised inslruinent, 
the Hilger Vitameter A, for measuring the vitamin A chromogen content 
of fish liver oils, their extracts and other substances ® The absorption 
method has been employed in the quantitative analysis ol nitrates 
in the presence of nitrites and other anions ^ provided that no 
absorbing cation is present, whilst it has proved of great value in the 
determination of terpenes in their industrial preparation,® very small 

1 Phil. Mag., p. 944, 1928. 

^ Biochem. Journ , XXI, i, p. 78, 1927 ; XXII, 4, p. 987, 1928. 

® Biochem Journ , XXIV, 4, p. 980, 1930. 

^ See Physiological Peviews, Vol. X, 1930. 

Pharmaz. Zeitung, Vol. 71, p. 716 (1926). 

A further instrument, the Vitameter A.C., will also estimate the Vitamin C 
(ascorbic acid) content of fruit juices etc. 

’ Pharmaz. Zeitung, Vol. 72, p. 672 (1927). 

® Muller, Riechslojjlndustne, p. 98, 1927. 
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amounts of impurity producing a measurable effect. Other purification 
processes in which absorption spectra have been employed are the pre- 
paration of pure phenanthrene, fluorene, and anthracene,^ and in rubber 
refining/^ 

The determination of molecular extinction coefficients with great 
accuracy over a range of several hundred angstrom units in wave-length 
has recently become of great importance m connection with a physical 
theory of optical rotatory power, in which the total rotatory power of an 
optically active compound is resolved into partial rotations'' contri- 
buted by certain of the absorption bands. The partial rotation from a 
band can be calculated if the intensity of the band, its “ half-width " {i.e. 
tlu‘ diherence between the wave-lengths at which the 

corresponding circular dichroism (diflerence in molecular extinction co- 
efficients for light which is circularly polarised in left- and right-handed 
senses respectively) are known. The mathematical analysis involves a 
knowk‘(lg(‘ ol the relationship between the molecular extinction co- 
tdlicient s and the frequency v, which is not yet conclusively established, 
and for which measiireimaits of high precision are required in order that 
valid empirical relationshi]) may be found. ^ 

Such measuremcMits have also found an application in biological pro- 
bk‘ms. Thus, absorption curves have been established for purified pro- 
tc'ins in onkn' that observations of absorption spectra may be used for 
tlu‘ identification and estimation of immunological precipitates. If 
the nitrogen content of the protein is known and the extinction coefficient 
is that of the pure protein for the same concentration of nitrogen, then 
it can be fairly assumed that one is dealing with the same protein. 

'FIh; first spectrophotomctric measurements of the scrum proteins 
were made by Judd l.ewis who found a marked difference between 
horse and human proteins. These wcie repeated but not confirmed by 
(kimpbell Smith •'» who showed that horse and human scrum albumin 
and globulin give respectively the same absorption curves. The absorp- 
tion of ])scud()-globulin is about double tliat of albumin and occurs at the 
same wave-length (Fig. ii). A large number of experiments since made 
by Campbell Smith on pseudo-globulin obtained from rabbit, ox and 
goat and purihed in several different ways have confirmed his original 
results. By making use of the extinction coefficient obtained for pscudo- 

^ Ca])])cr and Maith, Jourii, Chem. Soc , p. 724 (1926). 

“ vSchc'ibci and Piimmercr, Bcrichte, Vol. 60, p. 2163 (1927). 
vSc‘0 Lowry and Hudson, Roy. Soc. IBiil. Trans., A, Vol. 232, p. 117 (1933). 

^ Proc. Roy. Soc , B, p. 178 (July) 1922. 

Proc Roy. Soc., B, Vol. 104, (1929). 
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Fig. II. 

globulin, Marrack and Campbell Smith ^ have investigated the nature 
of diphtheria toxin antitoxin fioccules (the so-called Ramon precipitate). 
They have shown that the absorption spectrum of the fioccules formed by 

^ Pwc, Roy Soc.y B, Vol io6, (1930), 
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a balanced mixture of diphtheria toxin and antitoxin are identical with 
that of serum pseudo-globulin. Further, they have shown that the 
reaction is a quantitative one and apparently independent of the condi- 
tions under which flocculation takes place, particularly the presence of 
non-specific protein. The results seem to show that such an immunity 
reaction is of the nature of a specific chemical reaction and indicates a new 
approach to problems of this kind. It should be noted that the method is 
dealing with quantities of only 2 or 3 mgs. of protein, the concentration of 
which can be measured to within 3 or 4%. 

Another application of this method is to the estimation of purines. 

It has been known since the work of Soret ^ and Dhcre^ that all purines 
show selective absorption in the ultra-violet between the range 2950 A- 
2500 A. Their extinction coefficients are very high so that they can be 
estimated in extremely dilute solution ; a solution of uric acid containing 
2*6 mgm. in 100 c.c. can be estimated with an error of about 3% and 
about a tenth of that concentration could be detected in an otherwise 
optically transparent solution. The ability to measure such small 
amounts has been stressed as it seems likely that the spectrophotometer 
could be made to form the basis of a microanalytical method for purine 
estimation. 

Campbell Smith ^ showed that a protein-free filtrate of blood serum 
gave an absorption curve very similar to that of a simple solution of uric 
acid. The amount of uric acid needed to give this absorption was extremely 
close to the amount found by chemical determination of uric acid in the 
plasma. Holiday measured the absorption curves of some purines and 
showed that a purine combined with a molecule having no appreciable 
absorption at the same wave-length, as in a nucleotide or nucleoside, 
showed the same absorption as the simple purine. He has made use of 
this to verify the presence of combined uric acid (which is not determined 
by the chemical methods) m ox blood It is a noteworthy point in con- 
nccti(jn with the above work that the method is able to estimate the 
presence of a substance — namely, combined uric acid — which the chemical 
method is unable to do without first submitting the chemical complex 
to a tedious hydrolysis. 

A similar, but slightl}^ different application of absorption spectro- 
photometry is the study of equilibria existing in chemical systems For 
this purpose, din'ct chemical methods break down in that they almost 

<l||§ 

‘ Arch. Sci Phys Nat , se ]K'riode, p. 429 (1883). 

Pecker dies Spectrograpkiques suv V Absorption des Rayons U Itra-violcts par Us 
A Ibuninwides, les Prothdes, cl leurs Denvi-s, Fribourg (1909). 

^ Biochem Joiirn , XX IT, 6, p 1499 (1928). 

^ Bwcheni Joiivn , XXIV, 3 , p. 619 (1930). 
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inevitably involve a disturbance of the system which is being examined, 
and the absorption method thus has an immediate advantage. The 
difference from ordinary quantitative estimation is that in this case it is 
generally small changes in intensity of absorption which require to be 
measured, although, of course, an absolute value may have to be deter- 
mined as well. The earlier work on keto-enol tautomerism has already 



Fig. 12. 

The Influence of on the Absorption Spectrum of Uric Acid, 


been mentioned, and more recent examples are the determination of tl„- 
issociation constant of violuric acid i and of phenol and the hytlroxvl 
group of tyrosine.^ The association of formic acid a and equS;;;,,! 

‘ Morton and Tipping, Journ. Ckem. Soc., p. 3514 (1925) ; p. 1398 (1937) 
Stenstrom. Jou.n. Pkys. CHen.., Vol. 39. p. 1477 (^925) ; Vol. 30. p. 168 '(lo^m 
Ramsperger and Porter, Journ. Am. Chem. Soo., Vol, 48, p. 1367 ' 
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constants of molecular compounds such as the alkali trihalides ^ have also 
been investigated in this way, whilst Halban has applied his very sensitive 
photoelectric method to a study of the equilibria between aromatic nitro- 
compounds and hydrocarbons at various temperatures, and has been able 
to deduce the heat tone of the reactions from the temperature coefficients 
so determined.^ 

Further interesting applications of this type can again be found in 
biological chemistry. Thus, hydrogen ion concentration is known to 
influence the absorption spectra of some biological substances, the bands 
moving towards shorter wave-length with increasing ^H, whilst a change 
in the shape of the curve may also occur. Campbell Smith ® showed that 
uric acid exhibits two bands in acid solution and only one in alkaline 
solution. In Fig. 12, the change of this spectrum with pYL is reproduced. 


Molecular Spectra. 

In Chapter I, three types of molecular band spectra were described, 
namely, the rotation spectrum of the far infra-red, the vibration-rotation 
spectrum of the near infra-red, and the electronic spectrum in the ultra- 
violet, and a brief account of the origin of the fine-structure lines which 
make up these bands was given. Interesting and important as are the 
results and applications of the continuous bands exhibited by liquids and 
solutions which have been outlined above, the results of analysis of this 
fine-structure in the spectra of the vapours, although the work is still in 
its infancy and is confined almost entirely to molecules of simple structure, 
are likely to prove far more fundamental. To quote from an article by 
Professor Mecke, of Heidelberg, who has been one of the pioneers in this 
field, “ the spectroscopist works on the ‘ living ' molecule. His method 
is that of stethoscopy and percussion. The dimensions of the molecule 
are measured directly — not indirectly — and with the spectroscope as 
stethoscope he ' sees,’ in the truest sense of the word, the heart beat of the 
molecule, and from its frequency he can draw conclusions as to the con- 
stitution and power of resistance of the molecule.” ^ 

The total energy E of a molecule is made up of three parts, 


h: 


E 


electrons 


+ E 


Vibration 


+ E 


rotation > 


of which the electronic is by far the largest and the rotational by far the 


1 Job, Comptes Rendus, Vol. 182, p. 632 and p. 1621. 

^ Zeits. phys, Chem , Vol 117, p. 461, (1925) 

Biochem. Journ., XXII, 6, p. 1499 (1928). 

^ Translated Irom Mecke's article “ Bandenspektren und Stereochemie ” in 
Freudenberg's Stereochemie (1932). 
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smallest. If, when the molecule absorbs radiation, only the rotational 
energy changes [rotation spectrum in the far infra-red), the quantum 
absorbed 

Av=8E,,,. 

It can be shown that 

Erot = h^m[m + 1 )/87r^I, 

h being Planck’s constant, I the moment of inertia of the molecule about 
the axis of rotation, and m the rotational quantum number. In this 
expression, m is the only variable, and the quantum theory shows that 
it may only change by a single unit, i.e. 8w = + 1, o, or - 1. The result is 
thus obtained that the lines making up the rotational spectrum will have 
frequencies given by 

= [(w + i)w - -i)]/8tt:H =2m/^2/87cH, or 

Since m can have values i, 2, 3, etc., the lines will be separated by 

constant frequency intervals 2 hlSn^l. It is customary to express such 
intervals, not in actual frequencies, but in wave-mimhers^ and the result 
is then written in the form 2B, where B = A/87i^M = 277 x io“^®/I, [c being* 
the velocity of light = 3 xio^® cm/sec.), so that the moment of inertia I, 
and thence the dimensions, of the molecule can be deduced directly from 
observations of this separation. Unfortunately, such observations in tlu^ 
far infra-red are very difficult to carry out, and in addition, molecules 
which do not possess a permanent electric moment do not exhibit rota- 
tional spectra, so that data from this source are available for only one or 
two compounds [e.g. H2O, NH3, and the hydrogen halides). For non- 
polar molecules, the same information can be obtained from the Raman 
effect, which is described later. It is interesting that in actual practice 
the separation of the rotational lines is not constant, but falls oft a little 
with decreasing wave-length, as the molecule becomes distorted by its; 
rotational motion and the moment of inertia becomes larger. 

When both rotational and vibrational energies change simiilteineoiLslyx 
[vibration-rotation spectra of the near infra-red), 

Av=S(E,,,+E,,,). 

This spectrum lies at more accessible wave-lengths, and can easily bo 
examined, for instance, by means of the Hilger Infra-red Spectrometer, 
and in some cases can be photographed using a diffraction grating an cl 
infra-red sensitive plates.^ Such a photograph is reproduced in Fig. f>. 

1 Wave-number = i/X = v/c =true frequency/velocity of light. See p. 6. 

“ For photographic plates for the infra-red, see p 113. 
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Many more data are thus available than for the simple rotation spectrum. 
The quantum theory leads to the result that the vibrational energy of the 
molecule is 

where n is the vibrational quantum numl)er (;i =o, i, 2, etc.) and coq is the 
fundamental vibration frequency. Adding the rotational energy 

E^jb + = (w + + +i)/87c‘'^I. 

Thus for a simultaneous transition from the vibrational level to and 
the rotational transition to 

SE =/icoo(H2 -^h) ~-/;q(w, +i)]/87i:‘T. 

j3iit, as before [m^ is generally restricted to the value i, and for the 
* ‘fundamental'' vibration band, ;Zo-Wi = i, so that we can write 

Sl£ =//o)o +A“;;//8 tc-I, 

or, for the trc'cpiency absorbed, 

V =C0() -l-//;;//S7T:“r. 

The first term in this expression lixi‘s the position ol tli(‘ centre of the 
viliration band, whilst the siM'ond tt'rm n‘pri‘si‘nts th(' rotational fine- 
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bands which lie in a region of the spectrum which is much more 
accessible than that of the pure rotation spectra. 

One interesting feature of the rotation-vibration spectra is that for a 
diatomic molecule whose moment of inertia about a line joining the 
nuclei is zero, m may have values ±i, ±2, etc., but never 0. When m is 
positive, a series of lines lying on the higher frequency side of coq is ob- 
tained. These lines form what is known as the '' R-branch of the band. 
Similarly, for the negative values of m, a “ P-branch at lower fre- 
quencies is formed. In molecules where the value m = 0 is permitted, a 
group of lines about the fundamental frequency coo is also obtained, but 
the presence of such a “ Q-branch '' always indicates the possibility of 
the molecule possessing angular momentum about an axis joining the 
nuclei. Q-branches are frequently observed with polyatomic molecules, 
but rarely in diatomic molecules, NO being the only case on record. Fig. 
13 shows the P, Q and R branches of the absorption-band of ammonia 
at 6-13 [i. 

The information which can be derived from a study of vibration- 
rotation spectra is (i) the moment of inertia of the molecule about an 
axis of rotation, giving the molecular dimensions, and (2) the ''restoring 
force '' of the vibrations which is deduced simply Irom the fundamental 
frequency cOq and the mass of the molecule, and which gives a measure of 
the strength of the chemical bond. 

The analysis of the electronic bands is much more complicated, but it 
can be carried out in a similar way, and it leads to inlormation ol the same 
type, but in more detail. The electronic bands of hoinopolar molecules 
often exhibit vibrational and rotational fine-structure when tlie corre- 
sponding infra-red spectra themselves do not appear, and in these cases 
they are of particular value. 

Typical results of the analysis of molecular spectra, which are de- 
scribed below, will illustrate its value in stereochemistry, but two other 
results of a different and more general character may be mentioned 1'he 
fine-structure in molecular spectra is produced by the existence' of mole- 
cules with small diflerences in energy. It will therefore also indicate the 
existence of molecules with slightly different moments ol inertia. In this 
way, the presence ol two isotopes doubles all the lines, and the intensity 
of each component of such a doublet is a measure of the concentration of 
the corresponding isotope. The displacements are too small to be observed 
in the pure rotational spectrum, but are evident in the vibration -rotation 
and electronic spectra, e.g the spectrum of PICl contains doublets due to 
the two isotopes of chlorine, whilst two new isotopes of oxygen, one of 
carbon, and one of nitrogen have been identified by this method. The 
other discovery of this type" was that of the existence of two forms, known 
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as ortho- and para-, of the hydrogen molecule, whose energies are slightly 
different from one another. 

For a more detailed account of the theory of molecular spectra and 
their applications, reference should be made to one or other of the works 
mentioned in the Bibliography (page 39), but a summary for one or two 
simple molecules will now be given. The CO2 molecule must be of the 
form of a straight line, and the separation C to O is almost the same as in 
CO, whilst the character of the C to 0 bond appears to remain the same 
in both compounds. SOg, on the other hand, is a bent '' molecule, with 
an angle between the two S to O bonds of approximately 120”. This agrees 
with evidence obtained from other sources, e.g. the dipole moment. HgO 
is also bent/' with an angle about 105®, although this value is not yet 
definitely fixed. NH3 has the form of a fiat pyramid, and CH4 that of a 
tetrahedron, the dimensions being known in each case. The spectrum of 
acetylene, C2H2, is exactly that which would be expected from a diatomic 
molecule, and the analysis fully agrees with a linear formula H - C = C - H. 
The data for ethylene, C2H4, are not so complete, but suggest that 
all six atoms lie in the same plane, as would be expected on chemical 
grounds. 

By collecting data of this kind, it has become possible to attribute 
structures to, and to determine the strengths of the bonds in, a large 
number of simple compounds. One of the interesting results has been to 
show that the nuclear separation of the atoms forming a radical remains 
the same when the radical is built into a molecule, so that " radicals 
are bricks which retain their dimensions in their stable compounds ' ’ 
(Mecke). 


Continuous and Predissociation Spectra. 

It was mentioned m Chapter I that the electronic absorption bands of 
some molecules become continuous " as shorter wave-lengths are 
approached. Very careful examination has failed to reveal any sign of 
structure in these continuous regions. An explanation of this is that as 
the vibrational quantum number increases, the energy of vibration be- 
comes so large as to break down the chemical bonds between the atoms. 
If a quantum of energy larger than a certain limiting quantity is absorbed, 
therefore, the molecule will break up, when the ordinary quantum theory 
of the absorption ceases to apply. If this is so, the limiting energy for the 
fine-structure spectrum should be the same as the heat of dissociation of 
the molecule. It must be remembered that the molecular fragments pro- 
duced may not at first be in their lowest energy states — they may be 
excited" — and allowance must be made for this excess of energy. Wh en 
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this is done, however, in many cases very good agreement is obtained. 
Thus, the limiting wave-length, or convergence point/’ in the spectrum 
of iodine, 4995 A, corresponds to an energy of 56,950 calories per gm. mol. 
From spectroscopic evidence, it can be deduced that the energy required 
to excite an iodine atom is 21,650 cals, per gm. atom. If the iodine 
molecule is dissociated into one normal and one excited atom, the heat of 
dissociation should be 56,950-21,650=35,300 cals, per gm. mol. The 
heat of dissociation obtained thermo chemically is 35,100 calories, so that 
the explanation given above appears to be valid ; and it is also confirmed 
from other spectroscopic evidence ^ 

A related phenomenon was observed by Plenri in 1924. In the elec- 
tronic spectrum of sulphur vapour, rotational hne-structure docs not 
appear in all the vibrational bands, but at wave-lengths below a certain 
limit, these bands appear to be diffuse. A similar eriect has since been 
identified in many other spectra, and the systems of dill use bands are 
known as predissociation spectra.” They arc sometimes followed by 
continuous absorption, and sometimes by further line-structure bands. 
The accepted explanation is that when the molecule absorbs more energy 
than is required for dissociation, this energy may be redistrd^uted, causing 
excitation as well as dissociation. If the act of dissociation takes place in 
less time than is required for the molecule to complete' a rotation, the 
rotational energy ceases to be quantised, and the corn'sponding line- 
structure disappears. The frequency at which the predissociation 
spectrum begins clearly sets an upper limit to llu' lu'al of dissociation 
of the molecule. 

The Raman Effect. 

An effect which is closely related to molecular spc'c'tra was (lisco\'ered 
by Sir C. V. Raman in 1928, using “ a quartz sjX‘ctrogr*ij)h ol tlu' smallest 
size made by the firm of Hilger.” ^ He ohsi'rxa'd that wlu'ii a h(|md is 
irradiated with monochromatic light, it siaitti'i's not only light ol this 
same frequency, but also other frequeiicu's slightly disj)lact'(l Irom it. 
This change of frequency, to which the name ” Raman hlh'c't ” has been 

^ The wave-length ol the convergence point is (. oiivtn ti'd into IumI ol dissociation 
as follows — The quantum Q required to dissociate a single inok'cule is related to 
this wave-length by the equation Q=hv —hclX If tlie number of molecules in a. 
gm. mol, (Avogadro’s Number) =N, then the energy oi dissociation ol a gm mol = 
NQ, and this divided by the mechanical eciuivalcnit of heat, ), givi's the heat of 
dissociation =NQ/J —NAc/jX Putting in the usual v<ihu\s lor llu' various con- 
stants, N=6 o 62 X 10^^, 7^=6-547 X 10“-’ erg secs , J - 4 i<S5 lo' c'rgs ])ei cal, the 
heat of dissociation = 2 845/X (or 2-845 x io«/}^ m Angstroms). 

2 Raman, Nobel Lecture on “ The Molecular Sciittermg ol Jnglit " 
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given, has been found to be a very general phenomenon, and it has been 
measuredfor a large number of substances in allthree states of aggregation. 
The wave-length of the scattered light is generally more than that of the 
incident radiation (there are exceptions) but the characteristic feature of 
the phenomenon is that the difference in frequencies of the incident and 
scattered light is generally equal to the frequency of an inter-atomic 
vibration as determined from the rotation-vibration spectrum of the 
compound. The change of energy is thus that which is required to raise 
the molecule from one vibrational state to another, and the lowest 
'' Raman frequency ^ observed would be expected to be that of the 
fundamental ” vibration (see p. 33). This is in fact found to be true in 
many cases, whilst for some substances, Raman lines have been observed 
which correspond to rotation frequencies, and even to electronic fre- 
quencies. An interesting feature is, however, that Raman spectra are 
observed with homopolar molecules, which do not exhibit the ordinary 
vibration spectra, so that the fundamental vibration frequency can then 
be found independently in this way. It has been established that definite 
linkages in organic compounds, e.g. C-H,C-C,C-C,C = 0, etc. , give rise to 
characteristic Raman frequencies in all their compounds, so that the 
Raman effect is also available for use in problems concerning molecular 
structure. 

big. 14 represents the Raman efiect in benzene excited by the 
mercury spectrum and recorded on an E 2 Quartz Spectrograph. On it 
are marked the Raman lines as excited by various lines in the spectrum 
of the irradiating light. It is taken from the work of Langer and Meggers ^ 
who state that good exposures could be obtained in several minutes, while 
those used for measurements were from fifteen minutes to two hours in 
order to observe the weaker lines. Fig. 15 shows the rotation Raman 
spectrum of oxygen and nitrogen under pressure investigated by 
Rosetti.^ Exposures of 24 to 100 hours were given with an E i Spectro- 
graph, using the X2536 line for which the dispersion of the instrument 
is 3 A/mm. 


The Absorption Spectra of Organic Compounds at Very Low Temperatures. 

It was pointed out in Chapter I that the absorption bands exhibited by 
a liquid or a solution are continuous on account of the blurring-out," 

^ By Rciinan Irequency " is meant the frecjuency which absorbs that energy 
which IS not scattered 11 incident frequency and the scattered frequency 
(Raman line), the Raman Irequency v is defined by hy =h{v — v ). 

“ Bureau of Standards Journal of Research, 4 , p. 711 (1930) 

^ Zeits, f. Physik, Vol 61, p. 598 (1930) 



38 THE PRACTICE OF ABSORPTION SPECTROPHOTOMETRY 

as a result of intermolecular disturbances, of the fine structure, which is 
revealed in the same bands when the spectrum of the vapour is examinc'd. 
At very low temperatures, such as those of liquid air or of liquid hydrogen , 
however, not only is the thermal agitation of the molecules nuicli 
reduced, but the modes of vibration and rotation of the individual 
molecules are simplified, and it has been found that the broad bands of 
the liquid then begin to break up into finer bands resembling those of 
the vapour. 

An interesting example is the case of benzene, examined by Kromai- 
berger.i Xhe six bands forming the characteristic ultra-violet absorption 
spectrum of liquid benzene (Fig. 25) are well known to correspond to 
groups of fine-structure bands in the spectrum of the vapour. At the 
temperature of liquid hydrogen, the absorption bands of the benztme 
crystals also break up into groups of bands which exhibit considerable 
regularities in separation and intensity, and which can be analyst'd in the 
same way as the fine structure bands of the vapour. The sp(‘ctra of 
benzene derivatives were also shown to be affected in a similar way. 

Conant and Crawford ^ have examined the absorption spectra of 
solutions of porphyrins and other coloured compounds at lupiid air 
temperatures, and find that the widest porphyrin bands tluai bn^ak up 
into a system of narrow bands, while Hausser ^ has recently in\'('stigatc*(l 
the low temperature spectra of a series of compounds containing multi]>ly- 
conjugated ethylemc bonds, and finds that they exhibit very im[)ortant 
structural features. 

i The method has also been applied to substances of biologic'al iutena^st, 
and Fig. 5 shows the effect of cooling to liquid air temperatun‘ on the 
absorption bands of carotene. By this method Bowden ^ was able to show 
that irradiated carotene is not identical with vitamin A as the absorptions 
of the two substances at ordinary temperatures had seemed to sugg(‘st. 

Investigations of this type at low temperatures are becoming mort^ 
and more numerous, and the field of research thus opeiual u]) apptairs 
likely to produce results of very great value. 

^ Zetts.f. Physik, Vol. 40, p. 75 (1926) ; Vol 63, p ^94 (0)30). 

^ Proc. Nat Acad. Set., Vol. 16, p. 552 (1930). 

^ Zett. f techn. Physik, Vol. 15, p. 10 (1934) 

^Nature, Vol. 131, p. 582 (1933) ; P'^oc. Roy. Soc , in publu alioii. 
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absorptions is given. Data for the transparency of standard light biters 
appear m Volume V, p. 271, and for the absorption by glasses in Volume 
II, p. 106. 



THE PRACTICE OF ABSORPTION SPECTROPHOTOMETRY 41 


APPENDIX TO PART I 

THE ALGEBRAICAL EXPRESSION OF BEER’S LAW, AND ITS 
USE IN THE ANALYSIS OF ABSORBING SOLUTIONS 

It is the purpose of this Section to show how Beer’s Law is em- 
ployed in the analysis of solutions of two substances whose solutions 
have measurable absorption curves, provided that the absorption curves 
of the substances dealt with in any one problem are different from each 
other and of course provided that Beer’s Law holds. 

Beer’s Law as was explained on page 17 may be stated : '' The value 
of the extinction coefficient is proportional to the concentration of the 
absorbing material.” Beer’s Law as originally stated had no reference 
to mixtures, but it seems customary to apply the phrase and the notion 
to mixtures. It has long been known how to obtain by the application 
of Beer’s Law, if one has a mixture of two absorbing substances whose 
absorptions are known for two wave-lengths, the proportions in which the 
two substances are present in the mixture. What follows is a very 
simple corollary of a procedure described by Vierordt ’■ 

The following nomenclature will be used • — 

Let (Xq, «! ; Px', ••• etc., be the extinction coefficients of mixtures 
a, /L.. for wave-lengths ... . 

Let a^, , Cq, ... etc. be the extinction coefficients of 

the component solutions A, B ... for wave-lengths A^, Aj^ ... . 

Let m^, niji, ... ; 71^, ... , be the concentra- 

tions of solutions a, b, c, d ... m mixtures a, /f, ... in terms of that of the 
standard solutions. 

Two cases will be considered. 

Case I. — A ^nixture of two solutions K and B whose absorption cnrvcs are 
k^iown. It IS required to jhid the concentration of each solution ni the ^nixture. 

i See K Vieroidt, Die Amvendung des Specb'alapparates zur Photomctne dey 
Absoyptiousspectren uiid zur quantitativeii chemischen Analyse — iLibmjjjen, 1S73, 
on pa.i’e 51 Vierordt describes how he checked llie method on a mixture of potassium 
permanganate and potassium dichromate 

See also K Vierordt. Die quantitative Spcktvalanalyse in ihrer Anwendung auf 
Physiologic, Phvsik, Chemie, und Technologic -Tubingen, 1870 ; an account of 
work on absorption spectropliotometry. 
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One mixture only is required, whose spectrophotometric curve is found 
by measurement. 

By Beer’s Law : 

•+• 'y^oh\ 

from which Wa = («o^i " %^o)/(^o^i “ ^i^o) 

and Yia. = (<^0^1 "■ ^i^o) / (^o^i “ • 

It will be observed that to find Wa and na we only need to know tbe 
extinction coefficients of solutions A and B and of the mixture for two 
wave-lengths. The wave-lengths need to be selected with consideration in 
each specific problem, in order that high accuracy may be attained in tbe 
determination of and Wa- 

Case II. — Mixture of two substances A and B, the absorption curve of 
only one of these being known. 

If one makes observations on a number of such mixtures (a, y etc.) 
in which the concentrations of the substances A and B are different, then 
one is enabled to determine the ratio of the concentrations of the unknown 
substance B ^ in any two of these mixtures. 

As in Case I, we can write down two equations for a mixture : — 

a-^=ino.a^+nJ)-^ 

in which now m^, are unknown, a^, a^, being known. Similarly 

we have two equations for another mixture . — 

In these four equations, there are six unknowns : — 

b^, b^ 

so that a complete solution is impossible. 

Nevertheless, the form of the equations enables one to obtain one 
piece of useful information, namely the ratio 

Uajn^ = (uq — {aQjctj) Uj) / [Pq — {cIqIg j) f3f^ . 

As an example of a problem in which this would be of use, we may 
mention ethocaine. This substance is hydrolysed slowly in aqueous 
solution. A direct application of the above would therefore allow one to 
investigate the progress of decomposition. 

As a concrete case, we may consider the curves of Fig. i6. Curves i , 
2 represent the extinction coefficients of two mixtures, which consist of 
different proportions of benzoic acid and another substance, unknown. 

1 B may itself be a mixture, provided tbe ingredients be in constant proportion. 
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Curve 3 represents the extinction coefficients of a solution containing 
benzoic acid only. 

Take 4^ = 2500, 4^=2800. 

Then we can obtain from the curves : — 

“0 = 0-525 Cl = 1-14 

^0 = 0-395 /3 i=i -62 

«o = 0-565 ai=o -59 

Substituting in the expression obtained : — 

={0-525 - (0-565/0-59) i-i4}/{o-395 - (0-565/0-59) 1-62] 

= (0-525 - i-09)/(o-395 - 1-55) 

= 0-565/1-155=0-489. 

That is, the concentrations of the unknown substance in the two 
mixtures are in the ratio 0*49 : i. 

Beer’s law, as applied to mixtures, also has applications in biological 
processes, as will now be described by a few illustrative examples, 

A Mixture of Two Biological Substances when the Absorption Curve 
of each is Known. 

This problem may present itself m different ways as will be clear from 
what is said above. If the selective absorptions of two substances occurr- 
ing as a mixture do not overlap, their estimation is simple. It is when 
there is overlapping of the absorption bands that difficulty is met with. 
One substance maybe present in such excess that the absorption of the other 
is obscured. An example of this may be found in blood plasma, where the 
selective absorption of the proteins entirely masks that of the uric acid. 

By filtering the plasma through a semipermeable membrane, the 
proteins can be separated from filtrate containing the uric acid. Several 
methods of ultrafiltration through semipermeable membranes are avail- 
able. The ultrafilter devised by Campbell Smith ^ was specially designed 
for the purpose of rapidly filtering undiluted blood plasma. 

The uric acid may then be determined in the filtrate and the protein 
computed by difference from the absorption of the whole plasma. 

Protein precipitants are inadvisable as they all show marked absorp- 
tion in the region of the spectrum under examination. 

Holiday^ has shown that an ultrafiltrate of whole blood shows, 
besides a band due to uric acid, a second band at 2600 A which has 
not been identified but is probably due to adenine nucleotide and 
thioneine. 

Calculations of ratios of two biological substances in a mixture from 
the composite absorption curves are unreliable except under very restricted 
conditions. If it is known that the solution is a simple mixture of two 

^ Journ. Phys , Vol. 65. Proc. Phys. Soc. (1928). 

^ Bzochem. Journ. XXIV, 3 , 619, (1930). 
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substances without any other absorbini^ inipuiitv, mk h raleulation is 
legitimate. But as this hardly ever oreurs in binh.rjiai tluids it slumlil 
not be attempted except for very rough <\al('iilat ion. 11 tin* ina.ximtiin 
absorption of the two occurs at tlu‘ .sani(‘ wave* longth and \\v havtt some 
other criterion by which to moasun‘ total W(‘ight nt ab'oil»iiig, ^albs^a^ce, 
a simple calculation will reveal tlie propoHitai picsoni «>{ ffa* two stilt* 
stances. For example, Campb(‘Il Smith ^ shouts I that, toi thf‘ same 
nitrogen content, albumen gavt^ (»nlv hall thr absoiptinn of pstanb 
globulin although the maximum absoiption <»! th<‘ two (nmneti at the 
same wave-lengths. Therefore if th(‘ nitnuaai eontont o! a « mtaiii mixture 
of albumin and globulin bt^ known ami also th<M‘\fin« lion t oolfa itait, the 
proportion of the two present can IxM'ak iilalod. Smitli :»a\'(* th«‘ following 
formula : 

Albumin/Clobulin (kX i .’.r) ( I*/b 

where E/i = extinction cocflicitait ot th(‘ inixtiin* at thr maximum of the 
absorption curve, a;- total comamliat ion ol {notcin pm trnii. 

This calculation can be applitxl to s(‘rum piottaiis as t hr ab .mption c 
the constituents is almost iu‘gligiblr . usualK'. ii(»wrvri. a ionrrtaai 
made for the uric acid and pigimml [arsiait I In . nimlit wrll pit»vr mf 
value as a rapid method for lollowing th(‘ <'han;',r m AllMimin nlohulin 
ratio both in pathological ('om lit ions and m (‘ \ pri n nr n f a 1 mm imii/at ion . 

Except for a case ol this kind, (xa hail a t n >n ( 1 1 u n < < tm po a ( ( m m \‘r * shoub I 
be avoided ,' the aim .sIk ) iild i a ( Ina lx* to sc'pa i . 1 1 r thr \ { i imh , a! isoi bin g 
constituents of a niixlui earn! t o (‘s 1 1 nia t <* 1 1 k *1 n r pa i a ( »* 1 \ * . I hi i a ! pn'sni t‘ 
is a problem of considi'iahh* difluailtv hnl tinr whs h ‘ fiMahi ntif piuve 
insuperable. 
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PART II— THE TECHNIQUE OF ABSORPTION 
SPECTROSCOPY 


CHAPTER IV ^ 

THE CONDITIONS FOR SECURINCx ACCURACY IN ABSORPTION 
SPECTROPHO'rOMETRY 2 

Spectrophotometric measurements can be classified according to the 
nature of the problem to which they are to be applied. The applications 
ol absorption spectroscopy described in the preceding chapter call for the 
nieasurement of : 

(1) the absorption spectra of liquids over a wide range of wave- 
lengths ; 

(2) absolute (extinction coefficients for a few, or over a narrow range of, 
wave-lengths to the highest obtainable accuracy ; 

(3) small changes in absorption ; 

(4) the wave-lengths or frequencies and intensities of the fine-structure 
in the absorjition bands ol a gas or vapour 

To these we may add : 

(5) the intensity ol transniittc'd radiations. 

d'he experiiiKuital piobkuns invol\a‘d in each case are difiercnt. Thus, 
in (i) the spectrum may consist ol wide dilluse bands and the greatest 
accuracy in the nieasiireinimt of wave-lengths and intensity may not be 
required, ddie speed with which rc‘Cords may be made over a wide range 
of spectrum and ol extinction coellicients will probably then be the most 
important consideration. In (2), particularly if the results are to be 
applied to calculations, both c‘xtinction coefficient and wave-length must 
be measurc'd pnausely. h'or the didection of small changes in absorption 

' The ^j'veaU'v of Ihus thapter o taken, with the pcvmibsion of the Physical 

Society, from a paper (ly I'wyinan and Lothian, Proc. Phys. Soc , Vol 45, 5 , No 250, 
p, 643, 1933 

Those to lohoni the subject of spectrophotometry is new, will Jind it well to read 
Chapters VI to IX, before this one. 

^ Some ol tile conclusions in this di.iplcr were independently arrived at by von 
llalban and Itisenbrand, Proc. Uoy Soc A, 116 , p 153 (i 9 - 7 ) 

•15 
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(3), absolute values are not so important as sensitiveness combined with 
reproducibility of readings. In (4), highly accurate knowledge of the 
extinction coefficients of fine structure lines (m the present state of know- 
ledge) is of secondary importance compared with the necessity for high 
resolving power and means of accurately measuring wave-lengths. 
Work coming in category (5) frequently (as in colorimetric work) 
requires no great dispersion. The present chapter discusses the 
accuracy to be desired in cases of these types ; the instruments 
and arrangements appropriate for each purpose are described in 
subsequent chapters. 

§1. THE PURPOSES OF SPECTROPHOTOMETRY 

If we consider the applications mentioned above we find that they 
fall into two main categories : those in which we seek information as to 
the nature or state of the absorbing medium, and those in which our 
interest is directed towards the effect produced by a medium on the 
radiation transmitted or reflected by it. Thus we may measure the 
absorption in order to identify and estimate the absorbing substances, to 
decide some question of molecular constitution, or to ascertain what is 
taking place inside the atoms or molecules ; and in all these cases it is 
the proportion of radiation which is absorbed which we desire to know 
accurately. On the other hand, we may use analogous methods to test 
media such as coloured filters or fabrics, or the glasses of which spectacles 
are to be made, in order to ascertain their effect on the transmitted 
or reflected radiation ; and here we wish to know accurately what 
proportions of the radiations of various wave-lengths are transmitted. 

In the first of these classes the function of absorption in terms of which 
it is appropriate to express our results is the Roscoe-Bunscii extinction 
coefficient K, which for any substance and wave-length is, according to 
Beer’s law, proportional to the concentration of the absorbing material. 
Thus the proportional accuracy with which a substance can be character- 
ized by its absorption follows that with which K can be determined, and 
is represented by AK/K where AK is the smallest measurable increment 
of K 

A radiation, on the other hand, is best characterized by its intensity, 
and the proportional error of its measurement is represented by AI/I, 
where AI is the smallest measureable increment of I, the intensity of 
the incident radiation. 

These two classes of measurement require differing modes of attack 
if the highest accuracy is to be attained. The first is considered on pp 47 
to 62, the second on pp. 62 to 65. 
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§ 2. THE CHARACTEEIZATION OF A SUBSTANCE 
BY ITS ABSORPTION 

THE DISPERSION SYSTEM, LIGHT SOURCE AND CELLS 
The Dispersion System. 

The points of an absorption curve where great accuracy is required 
will often be on the slope of the curve, so that if the measurements made 
on different occasions are to correspond we must ensure that the wave- 
lengths used are always the same, within the limit of the following 
condition : 2 he error of density due to error in wave-length setting should 
he less than the error in the photometric measurement of the density » Thus, 
in making use of a continuous spectrum, an instrument of sufficiently high 
dispersion is needed ; and the steeper the curve at the point under con- 
sideration, the greater the dispersion desirable. 

To take an illustration : in the use of a visual spectrophotometer for 
determining small percentages of carboxyhaemoglobin in blood, useful 
accuracy can only be attained by making measurements near the two 
wave-lengths 5600 and 577C> A. At the latter wave-length the spectro- 
photometric curve of carboxyhaemoglobin is so steep that very narrow 
slits must be used in order to get a spectrophotometric measurement 
which has useful meaning. 

In consequence of the low intensity ot the light transmitted at large 
densities, it may sometimes be desirable to increase the width of the 
collimator slit. Whei'c the source has a line spectrum this slit can be 
opened considerably without sacrifice of purity of spectrum, for one can 
then use the same lines on each occasion so that the above condition as 
to wave-length setting is automatically fulfilled. With a continuous- 
spectrum source, however, one must effect a compromise between the 
best light-intensity and the desired purity of spectrum. 

In studying fine-structure the dispersion is of pre-eminent importance, 
and the nature of the spectra precludes the use of photo-electric methods 
of measuring the absorption. With photographic methods the largest 
prism instruinents ordinarily available may still provide too small a 
resolution for the densities of individual fine-structure lines to be measured 
accurately. At the present time interest in this field is centred chiefly on 
the wave-lengths of these lines, and one is satisfied if these are clearly 
resolved. To do this for fine-structure in the visible and ultra-violet the 
quartz spectrographs of focal length 170 eras. (E i, E 384) suffice, 
supplemented where necessary by the addition of the glass train for the 
visible spectrum (E. 52). 

The absorption of the fine-structure lines can be deduced by measure- 
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ments of a microphotometric trace of the photo|^raph, although the 
ordinates of such a trace are very complex functions of the extinction 
coefficient, involving the characteristics of the light source, of the 
photographic plate ^ and of the spectrograph slit. 

Microphotometric measurement of loave-lcngth. If in any spectrum it is 
necessary to deduce a wave-length from the microphotometer trace, it is 
usual to do it by interpolation between two known lines which are super- 
posed on the continuous spectrum. Mercury lines have generally been 
used for this. The method presupposes a knowledge of the dispersion on 
the original plate, and an interpolation formula has to be used. The 
wave-lengths of fine-structure lines can generally be measured directly 
from the spectrogram, however, and then a comparison iron arc is used. 

It is possible that workers in this field will not remain satisfied with a 
dispersion which just suffices to resolve the bands, but will seek such a 
resolving power as will permit point-to-])oint spcictropliotonietric measure- 
ments to be made — laborious though such a proccalure would be Large 
concave gratings have many disadvantages lor absorption s]iectrophoto- 
metry, and the instrument maker will do wi'll to explore tlu' possibilities 
of making large liquid prisms. To realise such ]>ossil)ililu‘s to the full, the 
temperature of such prisms will have to lx* ilua inostatK'ally controlled. 

For fine* structure in the infrared the Muller-I lilger Double mono- 
chromator with quartz or rock-salt prisms and huisi's, and I lilger or Muller 
thermopile is recommended, or where wry large' (hsj)i‘rsion is nt'eded the 
prism grating instrument 1) is suitabh'. 

Range of Spectrum studied. 

By the "infra-red'' is meant those wa\a'-leugl hs gri'ater than abou 
i(jL ; by "visible” those Iroin 8,000 A (ig) to, sav, g/)oo A , while th< 
"ultra-violet” is usually taken as exti'inlmg iioiii <d>oiit g,<)ooA to tlr 
very sudden air absorption at icS^o A. Slioi t('r wax e-fi'iigt hs than 1S50; 
are sometimes referred to as being in tlu' Sthiuinanii (lioin 1X50 to r ^50 A 
or Lyman (Irom 1250 to t)Oo) ri'gions Mnoiib' grating spec'tn 
graphs are available lor these rt'gions, tlu' hitti'r pc'iK'trating vw 
into the X-ray field (as lar as 10 A), troin wlueh pond \-iay ('rysii 
Spectrographs are used. 

^ The importance ol variation ol inlcMi,silv .iinon,!^ tlu' li nc st 1 lu t uio lint's h; 
already been realised, and interpielations .irt* l)('in,tj; sought and tonnd in stnuc' t a.st' 
The intensity is, of course, a measure ol llu‘ piobabilit v ol tlia li ansilion t out ei ne 
and the wave-mechanics, as it deMdops, will (('ilainlx- woik out alone, lines ol pi 
babihty • i c. of intensity 1'he ineasuri'imait ol int(nisitn>^ nnix’ tlnis bisome \ it 
in a very short time The way inwhieh intensities ot (nnission lines (and lunu e 
absorption lines) are deduced Irom mic 1 opholoiindi n tones, is de.ilt witti 
Ornstem, Moll and Burger, Objektive SpL‘kty({ll>lh)lonu'li ir (!' Vieweg, 
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Although most of the remarks in this chapter are general in character, 
there is throughout the tacit assumption that we are dealing with spectro- 
photometry in the range from 1360 to 160,000 A. 

The range of spectrum to which spectrophotometry has hitherto been 
applied other than sporadically, extends in the ultra-violet only to 1850 A. 
Not only quartz but air itself is opaque to rays of wave-lengths less than 
1850 A, beyond which, therefore, vacuum instruments must be used. A 
vacuum spectrophotometer (H 345) has just become available giving 
accurate measurements of extinction coefficients down to 1360 A.^ In the 
infra-red beyond lop ^ it becomes difficult to obtain a light source of 
adequate energy, while beyond 21 [jt (accessible with Sylvine prisms) none 
of the ordinary optical materials is suitable for prisms The region from 
(and including) the visible to 1850 A is accessible to quartz spectrographs 
and quartz spectrometers. Owing to the reduced dispersion of quartz 
in the visible region glass spectrographs and spectrometers are more 
suitable there. 

Light Source, 

In all methods of visual or photographic spectrophotometry in which 
comparison is made of the intensities of two closely adjacent spectra 
either viewed or taken simultaneously, it is essential that the relative 
intensities of such spectra should depend only on the absorption of the 
substance which is placed in one beam, and the deliberate variation of 
intensity which is imposed on the other beam. 

An essential condition for accurate spectrophotometry of this type is 
that the rays which have passed through the middle of the slit (which 
corresponds with the point of the spectrum where comparisons ol intensity 
are made) should pass through tlu‘ spectrograph without any vignetting. 
That this condition is fiiHilled can be tested by looking through the 
spectroscope or spectrogra])h (in the former case after removal of the 
eyepiece), using a wide slit. 

In such types ol instrument the light reaches the spectroscopic 
apparatus through two separate optical paths, so that if the adjustment 
of that part of the ap{)aratus which is external to the spectrograph fails 
to be ideally perfect, the two beams of light may fail to be quite coincident 
ill tlieir passage through the spectroscopic aiiparatus— lor example, in the 
Hilger Nutting S]iectrophotometer (see page 99) an image of the light 
source is formed in the neighbourhood of the dispersing prism of the spectro- 

^ See also the Publisher’s Catalogue K which includes prism, grating, vacuum and 
X-ray Spectrographs dealing with the spectruni from 13,000 A to o-i A. 

^ For infra-red Spectrometers see the Publisher’s Catalogue D. 


D 
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meter and in general there will be two such images not quite coincident . 

If then the light source is out of centre, one of the images may lx; 
vignetted even if the other is not, or one may be vignetted to a greater 
extent than the other. In this way the relative intensities of the two 
beams may be altered and error in the measurement result. 

It is thus necessary to have the light-source small enough to he 'included 
within the aperture of the spectroscope or spectrograph. But in order to 
obtain high accuracy large densities must be used, for these are needed 
for high accuracy in the characterization of substances by means of tlunr 
absorption, and consequently as strong an intensity of illumination as 
possible must be obtained. Only by filling the aperture with light can the 
intrinsic brightness of the light-source be fully utilized. Thus the con- 
dition stated above in italics is antagonistic to the condition foi high 
accuracy in the measurement of extinction coefficients. 

Were it possible to obtain a light-source of great intrinsic brightiu‘ss 
which at the same time is entirely uniform in radiation per element ol its 
radiating area, the best course to adopt would be to produce an imago 
which would entirely fill the aperture at all wave-lengths. Such a light - 
source, however, only exists in the form of an enclosed chamlxT within 
which the light-source is situated, and with such a means ol illuminaiion 
the intrinsic brightness is sometimes insufficient to give accuracy m those 
measurements of absorption with which we are now concerned, 'riuis the 
condition to be aimed at is that the trace of the light-source should pass 
through the spectroscope without being vignetted, but with no more 
margin than is needed to provide for any eccentricity that ma\' ho 
accidentally present. 

Similar considerations are applicable in the methods oi photographi(' 
spectrophotometry. 

There are one or two miscellaneous points which should 1 )(‘ rch'erretl t< » 
here. Whatever the form of spectrophotometer, mcasuremtuits arc‘ math* 
for radiations assumed to be monochromatic. Now such radiations ma\' 
be impure in two ways, either by too wide a range ol spc'ctnim being 
included or owing to reflection and scattering the monochromatic ladia 
tion may be contaminated with stray light of other wave-lengths, llot h 
these effects are liable to occur in using a monochromator in conjuiK'tion wit 1 1 
a photoelectric photometer. Impurity oi the second kind is in lusuiy all 
possible variations of the photoelectric method a factor which has a ino^t 
important bearing on the accuracy obtainable. An example oi tin* im- 
portance of this is given on page 158 of von Halban and lusiaibraia 1 ’-. 
paper {loc. cit.). To obviate this source of error it is therefore^ desirable 
to use a double instrument {e.g. D 107). 

In every method it is, of course, necessary to have sufficient dispta siou 
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(see above under '' The Dispersing System but impurity of the second 
kind (scatter) is in the photographic method of very minor importance, 
since both the spectra are affected alike at the match point. 

An essential difference between the photographic and photoelectric 
methods is that in all photographic methods the substance under measure- 
ment is placed in the undispersed beam, while in photoelectric methods it 
is usual to put it in the monochromatic beam. This is sometimes of 
importance with liquids which react quickly under irradiation, since in the 
former method the intensity of the light falling on the liquid is so very much 
greater. This objection to the photographic method is least important in 
the case of the Notched Echelon Cell (see page 75) as the complete expo- 
sure need only last a few seconds. 

The accuracy with which Cells for Spectrophotometry should he made. 

Visual and photographic measurements. The accuracy of the cells 
should be such that the departure from the nominal length of liquid should 
cause no measurable error. The least error in a density-measurement 
likely to be achieved in practice is probably d= 0*005 density reading. 

At a density of, say, 1*5, this is equal to 0*3 per cent. Thus the error in 
the cells should not be greater, for the best work than, say, one-half of 
this, i.e. 0-15% 

Photoelectric measurements. As will be shown on p. 57, the best 
density to measure with a photoelectric null method is 0*43^3. In 
measuring such a density a very much greater sensitiveness of measure- 
ment can be attained than with either visual or photographic methods. 
It may be doul^ted whether absolute measurements of density made by 
photoelectric null methods yet yield an accuracy in accordance with this 
degree of sensitiveness ; but however this may be, in measuring a density 
of 0*4343, cells with an accuracy of ± 0*15% will not be responsible for an 
error greater than ± 0*00055 in the density-measurement. Not until an 
accuracy of density-measurement approaching this is desired and expected 
will any higher accuracy of cell become necessary. 

The accuracy required in setting up the cell. Unless the cell is set every 
time perpendicular to the light beam, the length of light-path through the 
absorbing medium will vary. Suppose that the nornicil to the cell makes 
a small angle i with the incident light beam. II (ji is the refractive index 
of the absorbing medium, it is easily seen that the fractional error S in 
the path is given by 

t=(W(2S). 

For instance, if p = i*3 and 8 = 0*0015 then ^=4® 6'. Thus the cell 
should be set with its plane perpendicular to the light ray to within 4®, 
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With very little trouble, the cell can be set to i°, so that the error due 
to this ef ect should be negligible although special attention to this point 
is required with short cells. With long cells (5 to 10 cms. for instance) 
another effect should be looked for — the beam would be displaced sideways, 
thus producing inequality of illumination in the two beams. 

The length of cell should be chosen to obtain a density approximating 
to the optimum value for the method used, and different cells may for 
this reason sometimes be used with advantage for different portions of the 
same absorption band. 

Effect of temperature. In some cases, absorption varies very consider- 
ably with temperature.^ It is thus important in any particular case to 
ascertain by trial if such an effect is present, in which case steps should be 
taken to ensure that measurements are taken at a temperature sufficiently 
constant for any error introduced in this way to be negligible compared 
with other sources of error. 


THE VARIOUS MEANS OF PHOTOMETRY 

We must now consider broadly the means of photometry which are 
available, and what is the best way to employ each in order to determine 
extinction coefficients accurately. The means we shall consider are the 
following : [a) photographed pairs of spectra examined visually ; [h) 
photographed pairs of spectra examined by a microphotometer ; (c) visual 
photometry ; [d] direct measurement by an objective photometer 

employing photoelectric, selenium or photronic cells, thermopiles or 
bolometers. 

{a) and if) Photographic means of photometry . In photographic methods 
of spectrophotometry, in which two juxtaposed photographs of spectra 
are compared visually, the differences in density of blackening which it 
is possible to detect are of the order of, say, o-o6. 

It has long been known that for neighbouring areas of a photographic 
plate and for a constant time of exposure, the density of blackening of the 
plate is related to the log of the intensity, I, of the incident light in the 
way shown by the curves of Fig. 18. 

The ratio of the increase of the density of blackening to the increase of 
the logarithm of light intensity {i.e. the slope of the curve) is greatest on the 
straight portion of the curve, where it is specially denoted by the symbol y. 
Thus, in making photometric measurements, a plate and method of deve- 

^Mukerji, Bhattacharji and Dahr (/. Phys, Chem. 32 , 1834 (1928) ; J Phys. 
Chem. 35 , 653 (1931)). In the former paper a case is recorded where a 30° rise of 
temperature caused the density to increase about two and a half times. 
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lopment (which latter is also very important) giving a large y is desirable,^ 
as at a, Fig. i8. On the straight portion of the curve the smallest detect- 
able change in log^o I is obviously given by the smallest detectable 
difference in density of blackening divided by y. If a plate having a value 
of y equal to 6 be used, then it should be possible to detect a difference in 
the density of the absorbing substance equal to o*o6-f-6, or o-oi, and this 
is confirmed by experiment.^ 

With a large y the range of correct exposure (given by the straight 
portion cd, Fig. i8) is smaller, so that if a plate of large y be used one must 
adjust the exposure of the part of the spectrum where a match is being 
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made m accordance with the spectral (listributi(m of the light-source and 
the sensitivity of the emulsion to dillerent wave-lengths, in such a way 
that one is working on the ])ortion cd of the curve. 

For preliminary surveys one will require a plate with a large latitude 
c' d' , Fig. i8; that is, a plate with small y.^ In this case, however, the 
measurement of densities will be much less accurate. 

^ The tabic in the Appendix: shows that llie inosl suitable Ilford ]')late would be 
the panchromatic h<df"tone The ICastnnui plates rcroin mended are [a] Panchromatic 
Wratten M (Ill-H), or altern<ilively I If-h' (/>) Where panchromatism is not desired, 
Wratten Metallographic or lll-ll. (<:) h'or llu' ultra-violet rc'i'ion, IIl-Ti, or 

III-O, treated by the iiltra-violet-simsitizm,!* method, d'he most suitable developer 
for all the above phitc's is llait listed by hhistman as D. r<j For brevity wo shall 
subsequently reler to the combination of plate and development simply as “ plate 

^ Twyman and Lothian, loc cit. 

^ The most suitable Ilford plate hiTe is the Hypersensitive Panchromatic. East- 
man Kodak recommend (a) Pam hromatic — 1-E {/>) Non-paiichromatic — Eastman 

D.C. Ortho (l-H) or Wratten Hypersensitive (0 Ultra-violet— I-F.—U.V. 
Sensitive. A suitable developer in this case is D-yb-C. 
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The contrast of a plate depends on the developer used, being at a 
maximum with alkaline quinol, and by increasing the concentration of 
both quinol and potassium hydroxide, the contrast may be still further 
increased. There is, however, a limit to the concentration of the devel- 
oper, since the oxidation product of quinol — quinone — produces severe 
staining of the plate. 

Considerable research has been carried out on the methods by which 
he development process may be made quite uniform over the whole area 
of the plate. In practice, it may be stated that no matter how complete 
the agitation may be, the edges of the plate will be developed more quickly 
than the centre. Over the major portion of the plate, however, the ques- 
tion scarcely arises when development is allowed to continue until Yqo is 
approximately reached (see later) with normal agitation by rocking the 
developing dish. Measurements near the edges of the plate are liable to 
considerable error. 

The time of development also plays an important part in the pro- 
duction of contrast. With increase of time of development y increases 
exponentially to a maximum value y^ . The minimum time of develop- 
ment required to produce an approximation to y„ is different for each 
developer. 

In the development process it is found that surrounding the dense 
portions there is a region where development is incomplete (the Eberhard 
effect) which is caused by the local production of a large quantity of 
bromide which acts as a restrainer. Care is necessary, therefore, to provide 
adequate agitation, but it is found that if development is allowed to 
proceed for a sufficient time to produce the greatest contrast (usually 
about 4-5 mins.) with ordinary agitation, the Eberhard effect is un- 
noticeable. 

It should be noted that the contrast varies with wave-length, being at 
maximum in the visible, and decreasing with decreasing wave-length. 
The actual curve is to be found in G. R. Harrison’s paper [Journal of the 
Optical Society of America, Oct. 1925). 

A list of y values for various plates and developers, as given by 
the makers, is given in Appendix I. 

It has been held that by visual examination of such photographs as 
those in question, densities can be measured to within 0-02 to 0-04, 
independently of the absolute value of density} As we have seen, this con- 
siderably underestimates the accuracy that can be attained, but in any 
case it remains true that in order that the percentage error in the measur- 
ment of the density should be small in photographic spectrophotometry, 
the density itself should be large. It has in the past been very usual to work 

^ See H. von Halban and J Eisenbrand, Proc. Rov. Soc A, 116 , 154 (1927). 
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with densities not exceeding 1*5, but this seems frequently to have been 
due to the limitations of the instruments available rather than to any 
more fundamental reason. 

As will be seen later the “ Spekker ultra-violet photometer enables 
high densities to be measured with a greater accuracy than the sector 
photometers. 

In the use of large densities with a rotating-sector photometer the 
large number of long exposures required will cause a serious increase in 
the time required to obtain an absorption curve. In addition, the accuracy 
in making such sectors does not usually justify the measurement therewith 
of densities greater than 1*5. In using the notched echelon cell,^ however, 
only one exposure is required to obtain a number of readings so that the 
measurement of relatively large densities does not take unduly long. 

To take an example, if in the use of an echelon cell of greatest length 
I cm. the density of liquid measured is 0*3, giving extinction coefficients 
from 0*3 to 3 and requiring an exposure of about five seconds, we may get 
an error of from 7 per cent, in the measurement of the density, (corre- 
sponding to 0-02 error of density), and a like error in the values of the 
extinction coefficients. If, however, the density of liquid measured is 
1*5, giving extinction coefficients from 1*5 to 15 and requiring an exposure 
of about i|- minutes, the error will not be more than per cent. Thus the 
echelon cell is at its best in conjunction with high extinction coefficients. 

The employment of photoelectric instead of visual means of comparing 
the pairs of spectra does not alter the above conclusions, although it gives 
a considerably higher accuracy in determining the match points. A 
simple form of pliotcxhectric microphotometer has been designed for this 
work (H 364). 

Dobson 2 has used a method of photometry to which the same funda- 
mental principles apply. In this a neutral-tint wedge is placed in front of 
the plate or the slit of the spectrograph, the gradient of the wedge being 
parallel to the length of the slit. A standard source is photographed on 
each plate as well as the spectra under investigation, and the points at 
which the density of blackening of the spectrum is equal to that of the 
standard are determined by means of a photometer. An objection to this 
method is that points to be compared are not closely adjacent on a plate, 
so that possible irregularities of development and plate arc in this method 
a source of error. 

^ See p 75. For a fuller account of the cell, see Twyinan, Spencer and Harvey, 
Trans Opt Soc , 33 , 37 (1931-32), and Twyman, Proc. Phys. Soc., 45 , i (1933). 

^ Dobson, Griffiths and Harrison, Photographic Photometry (1926). It is assumed 
that the cell is made or measured with sullicient accuracy for the errors in thickness 
to be negligible. See p. 76. 
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(c) Visual spectrophotometry, The percentage error in a density- 
measurement made by a match with the eye is smaller the higher the 
density, 1 as in the photographic method, within the following limitations : 

(1) The sensitivity of the eye to a given small percentage difference 
in brightness falls off at low intensities. This is specially noticeable at 
the violet end of the spectrum where the eye, the light-source, and the 
increased dispersion of the spectrometer act together in reducing brightness. 
This can be mitigated without unduly sacrificing the purity of the 
spectrum, by using for the violet a wider front slit than in other parts of 
the spectrum. Very great advantage is derived from placing an appro- 
priate filter immediately in front of the slit, or outside the eyepiece in 
order to absorb the scattered light of wave-lengths which are transmitted 
freely by the substance under test. 

(2) With some visual spectrophotometers it is found possible to obtain 
an accuracy of about 0-005 in density-measurements by taking a number 
of observations, this residual error being due to the limit of sensitivity 
of the eye. For densities of about 2-0 the scale usually becomes so 
cramped with forms employing polarising prisms that there is in addition 
an error in reading the scale of about the same magnitude (0-005). For 
this reason densities of between about 1-5 and 2-0 give the best 
accuracy.^ 

For the most accurate work a density-reading is accompanied by a 
reading of the zero for the particular wave-length in question.^ The 
accuracy of density-measurement can then be increased by taking readings 
with the absorbing medium first in one beam and then in the other , the 
density being half the difference between the two readings. By reading on 
the opposite side of the zero instead of on the zero itself one obtains twice 
the accuracy with the same number of readings, i.e, with the same ex- 
penditure of time. 

[d) Objective means of photometry. A photoelectric method ^ may also 
be used to measure the absorption of a medium. The sensitivity ol such 
an arrangement is limited by the smallest change in light-intensity which 
can be measured. In a given arrangement suppose AO to be the smallest 
detectable change in the value of the deflection 0 of the galvanometer or 

^ It easily follows from the Weber-Fechner law that the smallest d elec table 
change of density (iS.d) has a constant value independent of the absolute value ol 
density. 

2 The scale of the spectrophotometer (H 181, see p 99) described by Dowell in 
J. Set. Instr , 8, 382 (1931) and J. Set Insty , 10 , 153 (1933), which lollows a tau'^ 
law, enables densities above 2 to be used with advantage. See p 99. 

® An error in the zero becomes very serious at high densities 

^ In which it must be understood that the other objective methods mentioned 
are included. 
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other indicating instrument. Then AI, the smallest detectable change 
in light-intensity, is given by AI=^A 0 , being a constant for the 
particular arrangement. Thus, in photoelectric measurements with a 
given apparatus AI has a constant value independent of the intensity I 
of the transmitted light, in contrast to the eye and photographic plate, 
for which, within limits, AI/I has a constant value. 

The condition for greatest accuracy in absorption-measurements is 
that the percentage accuracy in the measurement of an extinction co- 
efficient shall be a maximum. This implies a minimum value for Adjd, 
where d and Ai are, respectively, density and the smallest detectable 
change in density. 

If Iq is the intensity of light incident on the absorbing medium and I 
the amount transmitted into the measuring apparatus, then the density 


is given by 

(!)• 

On differentiation this becomes 

-logiof?. AI/I (2). 

t^djcl— - log 10(5. Al/Ii. 

= -logjo^. Al/Ioii.io-''. (3). 


To find the optimum value of d we must find when expression (3) has 
a minimum value, i.e. when from (3) has a maximum value. 

Thus, differentiating and equating to zero we get d = i/log^ 10 = 0*4343, 
so that the best density to use is 0*4343. We can see how critical this value 
is by examining the following values of the expression from 

equation (3). 

d. I 0*8 0*43 0*2 0*1 

d.io'^^ 0*100 0*127 0*159 0*126 0*079 

Thus we may use densities between 0*2 and 0*8 without any considerable 
loss of accuracy. The above remarks apply in general to photoelectric 
methods, whether null or dellection methods. Ihit in any particular 
instrument other h'atures of design might cause a departure from this 
condition. 

There is no doubt that ]diotoelectric methods give much greater 
sensitivity of discrimination in intensities than the eye. 'fhe balance of 
published evidence seems still on the whoh' to indicate that so far as 
absolute measurements are ciincerned, visual and photographic methods 
are more to be relied upon than photoelectric ones 

There is no essential reason why this should be so,^ though there are 
sources of error which are more likely to escape attention in the last named 
^ Indeed the present writer is of the contrary opinion. See p. 84 
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class. One of these is stray radiation. Stray radiation intense enough to 
be of importance in visual or photographic spectrophotometry can be 
seen, or photographed, as the case may be, when steps may be taken 
for its avoidance. When a photoelectric cell is the radiation detector, such 
discrimination is difficult. 

Even if all causes of error be removed, however, one is not necessarily in 
a position to realise in absolute measurements an accuracy commensurable 
with the sensitiveness, for besides the electrical circuit, the photometric 
devices (wedges, sectors, etc.) may also impose limits on accuracy. 

A Photoelectric Spectrophotometer (H 267) which attains a high 
measure of accuracy will be found described on page 81. 

We are now in a position to summarise our conclusions as to suitable 
methods for various types of work and the accuracy which can be 
attained with them. 

APPLICATION OF THE ABOVE PRINCIPLES, AND COMPARISON OF 
THE VARIOUS INSTRUMENTAL METHODS IN SPECIFIC EXAMPLES 

The measurement of extinction coefficients in the ultra-violet . We shall 
assume throughout under this heading that we can increase the densit3,^ 
of the substance under test to any degree that may be desirable, which 
can usually be done without difficulty by taking a more concentrated 
solution or a greater thickness of the absorbing substance. 

[a) Photographed spectra examined visually. With a quartz spectro- 
graph of the Hilger E3 type and the usual sparking set,^ photographic plate 
and development, 2 and tungsten steel electrodes (F. 406) with 4 mm spark 
gap, an exposure of 0*5 sec. suffices to give workable blackening ol the 
photographic plate at wave-lengths from 4600 to 2100 A. The accuracy 
of matching of spectra thus produced has been found by us to correspond 
to a density-difference of o-oi in the absorbing substance.^ In*oin this 
we find that for a measured density of i, with exposure-time 5 sec., the 
accuracy Adjd is o-oi. For a density of 2 the figures are 50 sec. and 
0-005 respectively. 

(b) If the match points of a plate are determined by microphotometc-r 
— instead of by eye — the sensitivity is increased several times. At any 
point, the eye will in general perceive a match over a small range of wa\'c- 
lengths. If the gradient of the absorption curve at the point is not too 
great there will be a number of lines in this range, and the microphoto- 

1 As described by Twyman and Kitchen, Proc. P. S., A, 133 . 74 (1931), hut 
without inductance in the spark circuit. 

^ Ilford panchromatic half-tone with developer No. 2 on the list on p. 1 14. 

* With such photometric apparatus as that described on page 72. 
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meter will find a match on only one (say) of these. In this way it has been 
found possible to increase the accuracy of matching thirty times?- Where 
there are insufficient lines for the microphotometer to match on any 
one line, it may be possible by direct interpolation to determine a 
point of match between two adjacent lines. 

(c) Direct measurement by objective photometer (with photocell), 
using the optimum density. It has been stated ^ that under favourable 
conditions the sensitivity may be lo^ times that of the photo- 
graphic method in the determination of an extinction coefficient. Using 
a plate of high y for the photographic method would reduce this to from 
30 to 50 times in favour of the photoelectric photometer, provided fairly 
wide slits can be used. The method is very much slower than the photo- 
graphic, except in the special case where only a few readings at specified 
wave-lengths are needed. The absolute accuracy is limited as a rule by 
that of the sectors, wedges, etc., by means of which a match is made. 
A powerful monochromator is needed to secure purity combined with 
sufficient light. The method is, however, indispensable where very small 
changes in absorption are to be observed. Such work is of great importance 
in physical chemistry including as it does the detection of changes which a 
system may undergo under definite conditions, such as equilibrium 
displacements and the effect of various other factors which influence 
light absorption, and the investigation of the validity of Beer’s law. 

There is probably a greater variation of sensitivity between different 
types of photoelectric instruments than of photographic instruments, and 
the most important limiting i actor m the former is the method of measur- 
ing currents, 'fhere is probably little to choose in this respect between 
electrometer methods and valve amplification. With the recently 
developed '' electrometer valves ” the valve methods can probably be 
raised to a greater degree of sensitivity than the (dectrometer methods, but 
up to the limits of their sensitivity electrometer methods are easier to use. 

Measurements in the visible rcf^ion. In the visible region visual, photo- 
graphic and photoelectric methods are available, and the choice of a 
method depends on what accuracy is required, whether time is limited, 
and the nature of the absorption curve to be measured. 

The visual method is the one most usually employed. With polari- 
sation spectrophotometers it is possible to make accurate readings up to 
of densities nearly 2*0 with forms obeying a tan^ law, or somewhat higher 
with a tan^ law. 

^ The figures can be regarded as representing an mcicase of sensitivity but not 
necessarily of absolute accuracy, which latter will depend on the uniformity of cells, 
sector plates, etc 

^ H. von Halban and J. Eisenbrand, Proc. Roy. Soc , A, 116 , 162 (1927) 
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The photographic method is often quicker, and the whole of the 
spectrum may be studied on one plate. Reference to p. 64 will show that 
with the recommended Ilford half-tone plate the accuracy of measurement 
with the Spekker photometer is about o-oi in 

As regards the time required : for measurements at a number of wave- 
lengths to obtain a complete curve, the photographic method is quicker 
than a photoelectric measurement when readings have to be obtained and 
plotted wave-length by wave-length. The photoelectric cell, however, 
lends itself to automatic recording of spectrophotometric curves. So far 
as we know this has only been performed in the visible region,^ but there 
is no reason why it should be so limited. This is the most rapid 
method of spectrophotometry available, as about half a minute is sufficient 
to produce a complete curve in the visible region. The sensitivity is 
found to be limited by the finite thickness of the recording line, among 
other factors. It is a type of instrument which is extremely useful in 
industry for comparison, but presents great difficulties if absolute accuracy 
is sought. 

With a visual instrument a number of readings must be taken at each 
wave-length in order to obtain a mean result of high accuracy. This makes 
the method more lengthy, but the accuracy is then greater than is 
obtained by the photographic method. 

Measurements in the infra-red.^ Photographic and photoelectric 
methods can be applied to the near infra-red up to about ip., but 
beyond that there is no alternative to the thermopile or bolometer, of 
which the former is now almost exclusively used.^ 

The Muller thermopile (F 767) is a recent development with a very much 
greater sensitivity than the established types. It has been found in the 
Hilger laboratories to be about seven times as sensitive as the most sensitive 
other thermopile with which they are acquainted, and being enclosed 
it does not suffer much from unsteadiness. 

The comparative slowness and lack of sensitiveness of thermopiles 
except in the red and infra-red render them barely worthy of consideration 
in the spectral regions where other devices are available, although it is 
possible to get useful results down to about 2500 A in the ultra-violet. 

Observing fine-strnctiire in absorption hands. The first essential is that 
the resolving power of the spectrograph should suffice for adequate 
separation of the bands. The method of measuring the intensity and 
position of fine structure lines is mentioned on pp. 47, 48, 88. 

The use of a source of illumination having a line spectrum is ruled out, 
since important details of the fine-structure may fail to be revealed owing to 
A. C. Hardy, /. Opt, Soc. Am., 18 , 97, 165 (1929). 

^ For photographic plates for the infra-red, see p. 114. 
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insufficient lines in the spectrum of the illuminant. It may be said that 
if the fine-structure is finer than about 25-30 A a continuous source is 
best (see under '' Continuous Light Sources '' Chapter VII). 

Obtaining absorption curves of highly photosensitive substances. For 
this kind of work a Notched Echelon Cell is very useful (see p. 75). 

Summary, 

The methods to be generally recommended in the characterisation 
of a substance by its absorption spectrum are summarised below : 

Absolute M easurements of Extinction Coefficients in the Ultra-violet. 

(1) Where the detail of the absorption spectrum {e.g. the separation 

of the peaks of absorption) is not less than 100 A at 2600 A ^ 

Light source : tungsten steel spark (F 406). 

Spectrograph : quartz, 20 cm. focus (E 370). 

Photometer : the Spekker (H 290). 

(2) Where the detail may be as tine as 30 A at 2600 A : 

Light source : tungsten steel spark (F 406). 

Spectrograph : quartz 60 cm. focus (E 316). 

Photometer : the Spekker (H 237). 

(3) Where the detail may be as line as 10 A at 2600 A ; 

Light source : Uranium electrodes (F 803). 

Spectrograph : 170 cm. focus (E 383). 

I^hotomctcr : the Spekker (H 382). 

(4) Where, as in photochemical substances, it is important to obtain 

measurements with very short exposure, the notched echelon 
cell may be used (see p. 75). 

(5) For the region beyond 1850 A the Vacuum Spectrophotometer with 

fluorite prism may be used (H 345). 

Measurements of Extinction Coefficients in the Visible and Ultra-violet 
as far as Wave-length 2500 with the Highest Possible Sensitiveness. 

(6) Photoelectric photometer (H 267) with ultra-violet Monochromator 

(D 33) or double monochromator (I) 138). Light source ‘ hydro- 
gen tube (F (>98) . llie measurement of absorption spectra having 
a number of bands by this method is very tedious ; it is parti- 
cularly suitable where very small differences of absorption are in 
question. P'or the visible spectrum a Pointolite lamp is best. 

^ Or greater or less elsewhere in proportion to the varying dispersion of the 
instrument. The dispersion for various parts of the spectrum will be found m the 
Publisher’s Catalogue E. 
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The absolute accuracy is limited by the means of adjusting the 
equality of the beams, but is somewhat superior to the apparatus 
I, 2 and 3, 

Recording Fine-structure. 

(7) The method universally adopted is as follows : 

Photographs are taken on a quartz, glass or grating spectro- 
graph with hydrogen tube (F 698) the photograph then being put 
through a recording microphotometer. 

Detail of 60 A, 30 A and 7 A (at 2600 A) will require spectro- 
graphs of 20 cm. (E 370), 60 cm. (E 316) and 170 cm. (E 383) 
focus respectively. 

§3. THE CHARACTERIZATION OF A RADIATION, SPECTROPHO- 
TOMETRY IN CONNEXION WITH COLOUR, AND THE COM- 
PARISON OF LIGHT-SOURCES AND FILTERS, 

The problems relating to the spectrophotometric comparison of light- 
sources, including of course sources provided with filters, are in some 
respects similar to the preceding ; but the ensuing paragraphs will serve 
to emphasize points that require special consideration in this type of 
measurement. 

We are now interested in the ratio of the intensities of two radiations, 
instead of, as in the previous sections, the logarithm of this ratio ; and 
it is now AI/I that defines the sensitivity, where AI is the .smallest 
detectable change in the light-intensity I. It should be n^peated that 
within limits, AI/I for the eye and photogra]>hic plati' is iiKh^pinuUmt of 1, 
whilst for the photo-cell, photronic cell or thernioi)ile, AI is independent 
of I. 

It is most often the case that the radiations to be im‘asur(‘d are con- 
tinuous spectra in which the rate of change ot intensity with wave-length 
is not so great as it may be in absorption nu^asunanents in eonne.xion with 
chemistry. Thus the considerations which in absorption work call for 
large dispersion (see p 47) do not otlen arise acut(‘ly m tlu‘ work now in 
question.^ 

Fluctuations in brightness of asingle hght-souna* will not alhad the true 
shape of the spectrophotometric curve appreciably if tlu^y au‘ small ; if, 
however, a comparison between two difterent light-sources is in (pi(‘stion, 
a curve being plotted wave-length by wave-length as with a visual or 

^ There is a kind of comparison of light-sources which is briefly dealt with later, 
namely, the comparison of line spectra, which forms the bases ol spectrum analy.sis 
In this of course the dispersion must sullicc to sepaiatc the lines ot the metals winch 
are sought. 
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photoelectric instrument, any change in intensity of one source during the 
measurement will result in a curve whose shape is misleading. 

Thus it is desirable in such measurements to have the source consider- 
ably more steady than it need be in actual use. In the case of electric 
lamps this result must be achieved by using a very steady electric supply 
such as a battery, or, with similar sources of light it is sufficient to 
connect both to the same electric supply. 

Application to Colorimetry. 

No doubt it was with applications to colorimetry in mind that Guild 
so strongly disfavoured that class of instrument (which we will designate 
the " first type ”) in which '' the observer views through the eyepiece of a 
spectroscope two adjacent spectra, one above the other, isolating a small 
\vave-length range by means of adjustable shutters in the eyepiece,'’ 
and favours a second type m which '' the observer looks through a slit 

situated in the plane of the spectra and sees a suitably divided field 

of the dimensions generally accepted for photometric work.^ The essential 
difference between the two types is that in the first the available light is 
concentrated into a slit image which constitutes the photometric field, 
while in the second type the available light is distributed over a relatively 
large photometric held. 

It must be remembered that for large densities and with slits narrow 
enough to give a sufficiently i)ure spectrum for absorption spectrophoto- 
metry the amount of light available is very small, and the field of view 
will in no case be very bright. In each type mentioned there are two 
opposing features which respectively increase and decrease the accuracy 
of reading attainable. Thus the greater brightness of the field in the first 
type, as compared with that in the second, enhances the accuracy of 
readings m the measurement ol high densities. On the other hand, for a 
constant brightness tlie standard field of the second type allows of more 
accurate reading than the narrow-slit field of the first type. 

It is not obvious at first sight which of the two factors has the greatest 
effect and it is a matter of experiment to determine which of the two types 
will be better for a given kind of work. 

A Hilgcr-Nutting spcctropliotometer (an instrument of the first type) 
is easily converted into one ol the second type by covering one-half of the 
object-glass of the spectrometer telescope with a prism of small angle, 
so that spectra normally closely adjacent become accurately super- 
posed. On then removing the eyepiece and viewing the object-glass 

^ J. Guild, Proc. Opt. Convention, 1926, pp. 81, 82. 

A field of 2^^ has been recommended by Ives for flicker photometry and by Guild 
for colorimetry, loc cit , pp. 96, 132. 
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through the slit one sees the type of field used in the second class. In 
this way a very direct comparison of the two types was made. With 
various widths of the collimator slit and a telescope slit-width of 5 A at the 
D lines readings were made on a density of about 1-7. At a wave-length 
of 5890 A it was found possible for a skilled observer with great concen- 
tration ^ to take readings having a mean error of 0*03 in density with a 
collimator-slit opening of 4 A. By means of the slit field, however, it was 
possible to get readings with a mean error of less than half of this with a 
slightly smaller width of collimator slit (3 A at the D lines). Moreover it 
was possible to take these readings with far greater comfort, an important 
factor in taking a large number of readings. 

Apart from this, in the second type there will be a tendency to obtain 
sufficient brightness by opening the telescope slit ; and the use of an 
eyepiece to observe and limit this width according to the gradient of 
absorption is an additional adjustment and one liable to be overlooked 
in routine work by some of those who have to use spectrophotometers. 
Thus, as the result of experiment, it would seem that for accurate measure- 
ments of high density spectrophotometers using a slit field are not merely 
as good as the other type, but definitely preferable to it. 

If, however, our interest is centred on the transmitted radiation rather 
than the nature of the absorbing material, the regions of less density 
become of paramount importance, and we may with advantage adopt 
the second type of spectrophotometer. 

Photographed pairs of spectra examined visually or by microphoiometer. 
As has already been seen, the probable error AI/I is independent of the 
exposure provided the plate be neither under nor over-cxjiosecl. To secure 
highest accuracy the most suitable type ol ])late is, as before, one 
with a large y , with the plate recommended on p. the limit of 
accuracy AI/I is equal to the limit ol discernible density diilerence 
(observing the plate with the eye) o-oi divided by logbo^'- That is, an 
intensity can be determined with this plate with an error oi o-oi/o-43 
or 2-3%. Photoelectric methods are far superior in accuracy for this work. 

Application of the principle to quantitative analysis by emission spectra. 
It may be pointed out that in quantitative spectrum analysis by 
emission spectra, for a given method of exciting the s])eclrum of a given 
substance, the intensity of a line due to a metallic (‘lenient is often approxi- 
mately proportional to the percentage of the element pn‘S(‘nt,‘'^ provided 

^ The difficulties of observing this field arc threefold * (i) the very small bright- 
ness , (2) the very narrow eye-pupil necessitates keeping the eye veiy steady ; (3) 
some diftusion of the image arises owing to the \ery narrow eye-pupih 

2 F. Twyman and A Harvey, J. Iron and Steel hist , No. ii, 397 (1932) ; F. 
Twyman and C S. Hitchen, Proc R. S., A, 133 , 87 (1931). 
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that the line is not subject to reversal. One might therefore expect to 
obtain an accuracy of about 2-3% in the estimation of such an element. 
So far results of this accuracy have not been published though they have 
been attained in one or two laboratories. This may partly be due to 
limiting accuracy not having been sought, but we attribute it chiefly to the 
difficulty of running an arc or spark on two separate occasions in such a 
manner as to give radiations ol identical character. Such a constancy 
would be strange ; it is not likely that the various metallic vapours in the 
arc or spark gap will be present in the same proportions on the different 
occasions, nor that the electrical conditions of excitation within the gap 
will remain constant. The selection of Gerlach’s homologous line pairs ^ 
is a step towards avoiding the latter .source of error. 

Photoelectric measurements. It appears that for measurements of this 
character photoelectric methods are peculuuiy appropriate, for in these 
AI is a constant so that by making I large we can make the error in 
measuring AI /1 small. 

Choice of a method for a particular purpose in this section. In comparison 
of light-sources wha'li are liable to be unsteady a photographic method is 
preferable, .so that exposure lor the whole spectral range is made at the 
same time. W(‘ (xm tlum d<Ti\'(‘ from th(‘ measuremcaits a curve of 
comparison ol tlu' liglit-souna's which is true at the time of taking the 
photograph 1 1 ('onpiarison is ma(h‘ point by ]X)int, any individual 
measun'iniMits ina\' lx* siibjc'c't to a variation from the avcu'agc value 
peculiar to tlu' moiiKait at which th(‘ Kxiding was takiai. If, however, 
a more scaisitua* j)hoto(‘l(‘ctric arrang(‘in(‘nt is available, it will be of 
ad\xintag(‘ to us(‘ it pro\'id('d that the \'aria(ion of the source^ can be kept 
less than is d(‘leclabl(‘ wiih ih(‘ j)hotograplii(' platix 

The choiC(‘ ol «i suitabl(‘ nudhod lor other pur])oses in this section will 
depend on ('onsidcodions simiLir to those alnxidy (daboratixl at the end 
of § 2, to which 1 ('i(‘i en('(‘ should l)(‘ madia 


Pyuilue nf Sfuu lymii AucPysis, oth lolition, p. 35, Adam Ililgcr, Lid, 
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CHAPTER V 

SOLVENTS 

In Chapter II of Part I, attention was drawn to tlie fact that when a 
solution of an absorbing substance does not obey Beer’s law, tlie cause is 
often to be sought in some interaction between solute and s()lv(‘nt. It is 
also well known that the maximum of absorption for the same solute often 
occurs at slightly different wave-lengths in different solvents, whilst cases 
have been observed where the character of the spectrum has coini)letely 
changed. For instance, the absorption spectrum of acrolein dissoha^d in 
hexane contains three distinct maxima, whereas a solution in alcohol 
shows only a single wide band.^ Effects of these kinds ai ise most ieadil\^ 
when the molecules of the compounds concerned are “ polar,” i.r. have a. 
permanent electric moment. It is clearly desirable, therelon*, that in any 
investigation of absorption spectra the solvent selected should he non- 
polar or only very slightly so, particularly it the absorbing substance itstd I 
is likely to be polar. This condition is, of course, limited by th(‘ (ssmitia 1 
one that the solvent must be transpanait over tlu' \vhok‘ rang(‘ of 
wave-lengths to be covered by the observations, and also by ('onsid(‘ni- 
tions of solubility. For the earlier work on absoiption sp<'('tros('o})y, th<‘ 
solvents most commonly employed were watcT and alcohol, both oi wliitdi 
are polar. More recently, non-polar liquids such as hexane, or lu‘ptam\ 
and cyrZohexane have been used to a much grealrn- (sxtent, whilst lor 
certain purposes, carbon tetrachloride and chlorotoim ha\a' Iumui tound 1 1 > 
be suitable, although the latter is also sligditly polai. Simv tlu'se ('om- 
pounds as supplied commercially are liable to contain imj)uriti(‘s whudi 
exhibit strong absorption bands {c.g comimu'cial cycloh(x\aii(‘ ('ontaiiiH 
benzene) whhst absolute dryness ot the solvent is olhai <‘ssrntial, am 
account of methods of purification and drying wlub'h liaxa' Ix'im iouiid 1 c > 
be satisfactory by experienced workers in this tu‘ld of i.‘s('aich is giv(‘u 
below for a number of the compounds mentioiuMl above, whilst the tabh* 
shows the wave-lengths in A to winch various thu'kiK'sses ol inat(‘riah> 
so prepared are transparent. 

These data were obtained with i min. exposures (n a liydropcn i.uni . 
of medium power, taking only 300 milluunps at jooo volts. With nnu .• 
‘Luthy, Zeils. Phys. Chem., Vol. roy, p <), 
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intense sources, shorter wave-lengths are also transmitted. Thus, a i mm, 
thickness of the sample of cyclohexane actually transmits the 1854 A line 
of the aluminium spark spectrum. 

TABLE II. 


Solvent 

I mm 

I cm. 

2 cm. 

4 cm. 

Cyclohexane C(5H|2 - - - 

1900 

1950 

1990 

2070 

Hexane C(.H^4 _ - - > 

1870 

2010 

2050 

2090 

Carbon Tetrachloride CClj 

2450 

2570 

— 

2620 

Water H2O - - _ - 

1870 

igio 

1930 

1950 

Ethyl Alcohol C2H5OH - 

1980 

2040 

2090 

2140 

Chloroform CHCI3 - - _ 

2230 

2370 

2430 

2460 


Preparation of Pure Dry Solvents for Absorption Measurements.^ 

The details given in the following schemes for purification apply to 
initial materials of ordinary commercial i^urity. The quantities of the 
reagciits specified are for i litre ol solvent in each case. It is desirable to 
carry out distillations in an all-glass apparatus whenever practicable, 
particularly wlum transparency at very short wave-lengths is required. 

Cyclohexane. 

Probable absorbing impurities : — llenzenc. Derivatives containing 

sulphur. 

1. Shake with n'peatc'd charges of Iresli oleum (up to 10% strength) 

until no further charring takes place. 

2. W^asli thoroughly with {a) distill(‘d watcT, (/;) weak alkali. 

3. Shakc‘ lor sev('ral hours with 5% potassium permanganate. Separate 

tlu' cyclohowww layer and wash out the permanganate with 
(listilh‘(l water. 

Stand th(‘ product over linu‘, and dry it by distillation from lime 
(thr(‘<‘ tiuK's) and Irom Ireshly-fiiscMl calcium chloride (three 
tunes). 

5 'flu' last traces ol wat('r can b(‘ rc'inoved by distillation from sodium, 
or by lra('tional Irc'cvang. 

fonstants . f/f - 07784 ; IL IM. 81 4° (\ ; K. IT. C. 

‘ 'lliesc' nuUhods ar(‘ inlnidod lor the pniparation of solvents of rij^oroiis purity. 
For many })ui])()s(_‘s this is not <‘sscntial, <ind the work can thcai he curtailed con- 
siderably, r 1,' a(cordin}4 to I U J j h'ox, ethyl alcohol can 1 h‘ in.ide sulhciently 
pure by allowing it to st.uul loi j.j hours over .stick potash, and retluxing lor one 
hoiii d'he aholiol is tlu'ii distill(‘d, tlu* first and Ia-.t 2 ^% fractions being lejecicd. 
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Hexane. 

Proceed as for cyc^hexane, completing the final drying by distillation 
from sodium. 


Carbon Tetrachloride. 

Probable absorbing impurity : — Chloroform. 

1. Saturate the CCI4 with chlorine and allow it to stand for two or 

three hours in bright light. This process should be repeated until 
the chlorine colour persists. 

2. Remove excess chlorine by shaking with soda, and Irc^e the liquid 

from alkali by several washings with distilled water. 

3. Remove water from the carbon tetrachloride by distilling twic(‘ 

from freshly-fused calcium chloride 

4. Complete the drying by standing the distillate over lor about 

an hour (it is best not to leave the liquid in contact with th<‘ 
P2O5 for too long). Decant the clear liquid and distil. 

Constants = 1-595 ; B. Pt. 76*8'^ C. 


Chloroform. 

Probable absorbing impurities '—Phosgem', chloriiK'. May eontam 
free alcohol. 

1. Shake with water for twenty-four hours, ('hanging tlu‘ watc'r honiiy. 

2. Dry by refluxing over P2O5, and distil the imxhict lwi('(‘ in an all- 

glass apparatus. 

3. The chloroform should be stored in the daik and rcdixliUcd as 

reqitired. It remains absolute tor about (\vel\-e hours only. 

Ethyl Alcohol. 


Probable absorbing impurity : — Aldehydc's 

Distil from (i) a mixture of 20 c.c. water with .| e e. juin' n„S( ),. 

(2) 10 gm. AgNOg with i gui. KOI! 

Dry by distillation from 

(i) freshly-heated lime* — three times. 


(2) an A1 : Hg couple— throe times. 

Redistil immediately before u.se. 

M y ; prepared by immersing .\1 l,,,!. previoiislv 
cleaned with soda, m a saturated solution ol lueieune ehloi ,de lor ahoii't 
I minute. “‘''mil 

Constants.— = 07894; M. Pt. - iiy-.S" C. ; j; P( 
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Methyl Alcohol. 

Probable absorbing impurities : — acetone, methyl acetate, methyl 
oxalate, methyl formate, etc. 

1. Distil from lime or soda. 

2. Add anhydrous calcium chloride (700 gm.). The crystalline product 

formed (CaClg . 4CH4O) is filtered off and dried in vacuo. (Good 
crystallization is sometimes encouraged by refluxing the mixture 
on a water bath for two or three hours.) 

3. Decompose the crystals by distillation with water. 

4. Methyl oxalate and methyl formate can now be decomposed by 

distillation over KOH. 

5. Dry the alcohol over anhydrous potassium carbonate. 

Constants : — = o*79i5 ; B. Pt. 64*5° C. 


CHAPTER VI 

APPARATUS FOR ABSORPTION SPECTROGRAPHY 
IN THE ULTRA-VIOLET 1 

In tins and the succeeding chapters dealing with specific instruments 
and technicpies of absorption sj^ectropliotometry, the aim will be to give 
an adequate description oi on(‘ piece' ot apparatus suitable for each type 
of work, ratlu'r than to present a list ot all the varieties of each type. All 
these will he ol modern type's in use to-elay. Early apparatus and methods 
are descnbe'el in Chapter III, or more hilly in Kayser’s Handhuch der 
Spectroscopic, Vol. p anel Baly’s Spectroscopy. 

(a) Apparatus for Absorption Spectrophotometry in the Ultra-violet by 
Photography, the Quartz Spectrograph and Spekker '' Photometer. 

(The inani])ulatioii ol tins kinel oi spectrophotometer is dealt with in 
Cha])ter VII.) 

The first essc'ntial is a spe'ctr()gra])h anel the type in use almost to 
the exclusion ol all otlu'is is the li.xed aeljustment quartz spectro- 
graph, the first of which was elesigneel by one of the present writers 
in 1906. 'file' latest lorin e)f these liavmg a medium dispersion is 
the Hilger ‘hill metal" nie'dium epiartz spectrograph (E 316). It 
records the whole spectrum from 2,e)0() to 10,000 A on a single plate, and 
has a wave-le'iigth scale which (levele)ps simultaneously with the photo- 
^ 1 he nu}>iberi, which appeay in the te\t yefey to the Pitblii>hey' s ciitalogite. 
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graphs 1 The optical material used is quartz,^ the light being first 
Seated by a quartz lens, then passing through a quartz pr^m ol the 
form due to Cornu which consists of two halves of right and left rotation 
(this to annul the double refraction of the quartz) and then through a lens 
system. In the latest instrument use is made of non-sphenca lensesA 
Although larger and smaller instruments are made (types h. i and E 370), 
it is with this medium type that the bulk of modern absorption work in the 
ultra-violet has been done, and it generally suffices for all work which 
does not involve the resolution of fine-structure. 

With such a spectrograph, or even with the Hilgcr small quartz 
spectrograph (E 370) (giving one third the dispersion), and with a suitable 
light source (see page 84) much valuable work has been done in the past. 
Even to-day such an outfit suffices for determining qualitatively the 
limits of transparencies of glasses, etc. But the time is long past when the 
spectrograph and light source could be considered all that is needed for 
work on absorption spectra. Means are required to measure the amount 
of absorption for each wave-length. 

To satisfy this need Adam Hilger, Ltd. introduced about i()io the 
Hilger sector photometer (H 16).* Immediately in iront of^ the slit 
of the spectrograph is a bi-prism which receives the light from the 
source in the following manner. The light emanates fiom the 
source and may reach the slit by two alternative paths. An 
upper beam passes through a wedge prism. The beam then passes 
through a rotating sector, the aperture of which can be varied, 
and, falling on the bi-prism, is deviated by the lowei halt of that 
prism to pass axially along the collimator ol the spectrograph, llu- 
second beam traverses first the absorbing liquid under examination, con- 
tained in a suitable cell, then through another wedge iirism similar to the 
former one but so arranged as to divert the light upwards instead of down- 
wards, and a rotating sector of fixed aperture. The beam is then diverted 


1 Or a scale in wave-numbers This is to be preferred for several r('asons. Idrst, 
the detail of an absorption curve is as a rule better distributed whtdi idolii'd on a 
frequency scale. Secondly, the bands in fine structure are at etpial fiecpiency 
intervals. Thirdly, linear interpolation can be used over a longer range when a scalt^ 
of frequencies is used 

2 Optical work of dense glass (E 332) can be substituted in ordei to obtain in- 
creased dispersion in the visible part of the spcctniin 

* Corrected by means of the Hilger Interferometers (Ihilish Patent 10^,832). 

*Also designed, like the later “ Spekker ” instrument, by one of the present 
authors. Howe, Phys Rev., 8, 1916 (674-88), gives the lirst publish(‘d description 
other than that in the Publisher’s catalogue Earlier devices for tlu* ]nirpose by Ldhiger 
{Phys. Zeit , 4 , 861-2, 1903), Houston {Roy. Soc., Edinburgh, Pror , 31 , 547"5<8, 191 i) 
and V. Henri {Phys Zeit , 14 , 515-16, 1913), did not come into gencial use 
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by the upper half of the bi-prism, and passes axially along the collimator 
of the spectrograph like the first. We thus have two beams fed into the 
spectrograph, the one capable of being varied in intensity at will by varying 
the aperture of the rotating sector, the other subject to the absorption of 
a known thickness of the liquid under examination. A series of photo- 
graphs is taken on a single photographic plate with the variable sector set 
to different apertures. Each of these photographs consists of a pair of spec- 
trum photographs in close juxtaposition, one of which is of reduced density 
throughout its whole length, the other — that which has passed through 
the material under test — being more dense than the first in certain 



densities of the two are equal. 'Flie plac(‘S of equal density of blacken- 
ing being spottc'd, (‘verything necessary is known for the plotting of the 
absorption curve. 

This tyj)e ol instrument has remaiiu^d in use from its introduction to the 
present lime, and much of the important alxsorption spectrophotometry 
by the photographic method has been done witli it. It has been replaced 
by the “ vSpi'kker Photomeder^ owing to the following disadvantages of 
the former instrument, which are avoided in tlu‘ latter. 

(r) Although investigations of the rotating sector form of photometer 
have r(‘peat(‘dly affirnuMl its accuracy witliin th(‘ conditions of experiment ^ 
^ 'I'wyinan, 'I Fans. Oj>t. Soc ^ 33 , No i {1031-32). 

“ Twynian and SiiiH'on, I xws Opt. Sol., 31 , U><) (19 V>) Doubts as to the validity 
ol the rotating sector method were finally disposed of by the work of Jirien O’Brien 
(Phys. Ji'cn , 33 , ().|o , 37 , 371 I 41 , 3<S7) ; and of Wc'bb [Jouvn. Opt. Soc. Anier., 23 , 

157)- 
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there is a possibility of fluctuations in the light-sources to a greater or less 
extent synchronising with the rotation of the sector, so that the radiation 
permitted to pass the sector is not purely a function of the aperture. 

(2) Necessity of stopping the sector to change the adjustment, unless 
iriechanism be introduced which is both complicated and also difficult 
to make accurately. 

(3) Reduction of intensity of each beam to one-half by the sector disc. 

(4) The difficulty of alignment. This is not due to the sector disc 
itself, but to the particular form of optical arrangement adopted for 
separating the two beams. 

(5) Closeness of the scale at high densities. 

The '‘Spekker’' Photometer. The “ Spekker '' photometer is shown 
in a diagram in Fig. 19. It is placed in front of the spectrograph, such as 
a quartz spectrograph. Light from a suitable source of ultra-violet rays A 
passes towards the inner edges of two quartz rhombs C, C, from which 
beams are diverted upwards and downwards, to be then r(‘llected forward 
through the tubes F, F, in one of which is placed the absorbing liquid, 
and in the other the non-absoibing liquid or whatever other substance 
may require to be compared — for instance, m the one lube may be an 
organic substance in a solvent, and in the other tii])e the solvent alone — 
the usual device for eliminating the reflection oi the end ]dates. The 
beams from the rhombs pass one through a fixed n^ctaiigular ajXTture, 
and the other through an aperture which is x^anabU' by a micrometer 
screw, whose drum D is read by an index which trav(‘ls along a helix in 
the drum. This not only simplifies readings, but acts as a stop to prevent 
the drum being turned too far in either direction 

After passing through the respective absorbing and non-absorbing^ 
substances, the beams pass through lenses G, G ol cpiarlz, whosi* local 
length is such that an image of the light source is lormed on the lace of 
the slit of the spectrograph. A second pair ol (luartz rhombs H, H arc* 
arranged to bring the beams of light together on to th(‘ slit in such a way 
that the image falling from the top rhomb and that Irom the liottoni 
rhomb on the slit form a complete image of the light-source The beams 
through the slit pass on, without any vignetting in tin* interior ol tlu^ 
spectrograph, to form images ol the apertures at or near the |)rism, thence* 
to be concentrated in the monochromatic images oi tin* slit at the {ilioto- 
graphic plate. We may therefore be sure tliat parts ol (‘ai'li s]’)t'ctriim lint* 
just above and just below the dividing line have intensitu's proportionnl 
to the areas of their respective apertures E, E. 

The cell containing the absorbing liquid under test is placeal in tlu* 
upper beam, and a like cell containing the luiuid with whicli it is to l>t* 
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Enlarged portion of photograph showing absorption of anthracene in alcohol, obtained 
with Notched Echelon Cell outfit H 276, etc , and Hilger Quartz Spectrograph E 3. (For 
the corresponding curve, see Fig. 27). 
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compared in the lower beam. If a series of photographs is then taken 
(see Fig. 17) as described in the case of the Sector Photometer, the positions 
of equal density of blackening can be spotted and their wave-lengths 
determined by reference to the wave-length scale. 

The optical construction of the Spekker’^ Photometer is such that 
at E and E there are equal fluxes of uniform radiation, which may be 
represented by I (per unit area). Let E^ and Eg be the areas of the aper- 
tures corresponding to the absorbing and comparison liquids respectively. 
Then the quantities of radiation (of a wave-length corresponding to a 
match-point) transmitted by the apertures will be E^I and Egl. 

After transmission through the liquids these quantities become 

(EJ)io'^>==(EgI)io^ 

where and ^ are the densities of the absorbing and comparison liquids 
respectively ; 

whence 10^'^* ^Ko/E^, 

or (d^ -d.^) =log (Eg/EJ. 

The drum is engra\a‘d to read log (Eg/i^) whence it is seen that the 
readings give the density of the absorbing substance with reference to that 
of the comparison substance. 1'his fact stated in italics (which is not 
peculiar to this form ot spectrophotometer) is not always borne in mind 
in recording absor])tiou measurements. 

This is a suitable place for considering why the comparison liquid 
cannot be omitted altogether' so that the measurements actually give the 
densities ol the absorhc'd substance. 'Fhere are three reasons : 

I In a very large* number ol instances it is the comi)arative densities 
that an* oi interest, as m the case ol a substance in a solvent, 
wliK'h sol\a‘nt is us(‘(l as the* comparison liciuid. 

2 . 'Fo use two ('(‘lls annuls the* elhrt ol tlie rellections at the surlaces 

ol th(‘ (‘lid platc'S of th(‘ cells 

3. 'Flu* (‘li(*('t ol using a ('(*11 in oiu* l)(‘am and not in another, or cells ol 

(lilh'rent h'ligths 111 tlu* two l)(‘ams, is to alt(*r the eflective distance 
ol tlu* light soiirct* with H‘sulting dillerence ol intensity of illu- 
mination at tlu* two aix*rtures 'l'tu*re are instances where it is 
d(‘sir(‘(l to obtain tlu* total (‘ll(*('tiv(‘ d(‘nsity ol, lor instance, a 
l(‘ngth ol glass with plaiu* panilh*! (‘luls. In that case the glass 
can l)(* used 111 oiu* l)(‘ain and nothing in the other, but the eflcct 
ol tlu* l(*ngth ol glass must tlu*n lu* c<dculat(*d Irom data supplied 
by tlu* mak(*rs ol tlu* i^hotonu'ter.* 

^ ShoiiUl tluMe 1)(‘ any i siiilacc's in one hcani and not in the other, the 
propoitions of h,^h( t(‘<l at each surla< (‘ ('an Ikj cah iila Usl iroin Fresnel’s ex- 

pression lor noi inal iiu ideiu (‘ j {[i - i)/((x -I- 1) j“. 
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Fig. 17 shows a portion of a photograph taken with the Spectrograph 
E 316 and '' Spekker '' ultra-violet photometer, and Fig. 25 the curve plotted 
from the data so provided. The wave-lengths are obtained by lining up 
from the spectrum line at which match occurs to the wave-length scales 



Absorption curve of benzene (in hexane). Measurements made on “ Spekker ” 
photometer used in conjunction -with a Hilger E 316 quartz spectrograph : strength 
of solution I in 3300 , length of tube 2-0 cm. ; exposure 5 sec minimum , Wellington 
Anti-screen plate. 

The photograph and curve shown were obtained with the “ Spt‘kker " photometer 
used in conjunction with a Hilger E 316 quartz spectrograph. See Fig 1 7. 

at the top and bottom of the plate ; the extinction coeHlcients by dividing 
the corresponding reading on the photometer drum by the length of 
liquid in centimetres. 

Smaller or larger spectrographs may be listed in a likt' combination 
(see p. 70). If it IS desired to carry the work into the visible region the 
quartz system of the spectrograph may, in order to incrc'ase th(‘ dispc'rsion, 
be replaced with advantage by glass (E 332, etc.). 
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(b) Apparatus for Absorption Spectrophotometry in the Ultra-violet by 
Photography where great speed of Exposure is desirable. The 
Notched Echelon Cell. 


1 




IT 


Plan. 


Recent work in absorption spectrophotometry has shown that there 
is a great need for an instrument which will enable absorption curves to be 
obtained very much more rapidly than is possible with any of the photo- 
meters now in use. It is impossible with these latter to study any sub- 
stance whose absorption is changings rapidly, and in many cases such 
changes arc produced by the exposure to radiation which is necessary to 
obtain the absorption curve. The echelon cell has been introduced 
specifically for the study of such problems, but even in those cases 
where the absorption is not changing with time 
the instrument is of value in that it permits of 
a very great reduction in the time required to 
obtain absorption data, even when used for high 
extinction coeflicii'iits. An important feature of tlic 
instrument is that Hilger spectrographs (hr, E 2, 

E 3, E315, If Jib, EjeSj, and the corresponding 
glass instruments) require' no alteration whatsoever 
to permit ot its use'. 

The principle' of the methoel einjiloyed is gi\’en in 
a paper by 'rwyman, Spencer anel Harvey,^ anel its 
more recent developments in a paper by Twyman.- 

The a])])earancc' of the ce'lls is sheiwn in the 
photograidi Mg 21, and the' details of construction 
are given in h'lg, 2b. 'flu'ir external shape' is that 
of a rhomb and the' re'cess in which the liquiel is 
placeel has be'e'ii lornu'd in stc'ps of diminishing 
length. The' se'parate' pie'ces ol fiiseel silica ^ 
forming the' ce'lls aie' adheseel so that each cell 
feirrns one solid ])ie'ce' without the use of any 
cement^ Oik' e'dgt' of one cell is cut out after 

the maniK'r ol a comb whose' teeth and spaces are e)f eepial wielth. 
Owing to tlu'se' te'e'tli the' spe'ctreigraph slit in ireint of which the cell is 
placed will re'e'eua' light alte'rnate'ly Irom the' nolcheel cell anel Irom a plain 
cell (exactly similar sa\'e only for the ahsence' oi the notches), placed in 



Fie, 2i'> 

lOiagram of 
Notched Itclielon Cell. 


1 Twyinan, Spc'iK (u and IIai\'(‘V I raw^. Opt. Sor , 33 . (m)3i-32). 

F 'rwyman Oux Phys Soi , 45 , i (i<)F3). 

^ Or ciyslalliiu' <iii.ni/ At tlu' date' ol publication of this (k‘scn])lion investi- 
gations au' m piogics.s lor detin mining llie‘ most .sintahlt' niate'iial. Crystalline (juartz 
cells are not adhesesl. 

^British Patemt 10^23^/10. 
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parallel with. it. The steps of the cells are so arranged that ten pairs of 
spectra, each consisting of one that has passed through the absorbing 
medium and one that has not, are photographed on the plate with the one 
exposure. In the manufacture of these cells it is claimed that an accuracy 
of 2% is obtained in the dimensions of the steps. 

The cells are placed in a mount shown in the photographs, Figs. 22 and 
23, with the notched one in the recess closest to the slit. The other recess 
is occupied by the plain cell. Between the two cells revolves the edge ol a 
sector disc with variable openings. Light from the source (R) Fig. 27, 
passes through the condenser (C) and part of it enters the plain cell while 
part passes on to the notched cell. That transmitted by the plain cell which 
is filled with the solvent used for the solution, passes through the notches 
in the edge of the other cell after having been reduced in intensity in 
a known degree by the revolving sector disc, and thence to the spectro- 
graph slit. That transmitted through the notched cell passes through the 
various thicknesses of solution and is reflected into the slit from the teeth 
of the notched edge. The resulting spectrogram (enlarged about three 
times) is shown in Fig 20. 

The use of the plain cell containing the solvent automatically compen- 
sates for the losses by reflection at the various interfaces as well as for the 
characteristic absorption of the solvent itself. 

Providing that the conditions are suitably chosen, it will be found that 
at one or more points in each pair of spectrograms the intensities will be 
equal. For those wave-lengths the density of the column of li(|uid is equal 
to the effective density of the sector. Then, if I be tlu' thickness of the 
liquid and d the density, the extinction coefficienl K is given by K=^Z//. 

A lengthy investigation lias been devoted to determining the best 
shape of the cell. In the form that was finally selected as being the most 
suitable from every point of view, each thickness of liquid bears a constant 
ratio to the thickness of liquid next below it. The result ol this is to make 
the changes in density for one step from the match point tlu^ same regard- 
less of the height in the cell. Hence in terms ol density, the accuracy of 
reading is constant and, since the density is constant for any one photo- 
graph, all the extinction coefficients will be known with the same pca'cen- 
tage accuracy. Another consequence is that it, as piaflerred by sonu‘ 
workers, the values of log^oK are plotted as ordinates then th(‘se values are 
equally spaced vertically on the absoi'ption curve. 

x\ great deal of care has also been devoted to th(‘ siicxdion of tlu‘ (haisity 
range to be covered by the instrument and an examination has beam made 
of a considerable number of the publications listed in Recent A p plications 
of Absorption Spectrophotomelry f with a view to finding what are the 

^ Adam Hilger, Ltd. 
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ranges of most use to workers in this field. By the provision of two 
rotating sectors the following arrangements are possible : 

[a) Using the cell, which has steps of o*i to i-o cm., together with a 
sector giving densities from 0-155 to 0-398, permits extinction 
coefficients from 0-155 to 3-98 to be measured. This is regarded 
as the standard outfit and is supplied where not otherwise 
specified. 

{h) Substituting a sector giving densities from 0-29 to i-6, permits 
extinction coefficients from 0-29 to 16 to be measured. 

Fig. 27. 

Diagram of cells m mount, with sector. 



1 ( 
1 I 
, I 
1 ' 

I i 



lujht Mxnvf. 
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ADAM niir,l',R. Ltd 


It is l)<fi(‘\’('(l tliaf the raiig(‘ provuh'd by llu-sc- two combinations 
[i.c. Iroin 0-155 Mihu'uait to in(‘(‘i r(‘(juir('nu‘nt 

I he mount lor llu' e('lielon ('(‘11s is pro\'i(k‘{l with a slit which is alter- 
native to that ol th(‘ spe('t rogi a])h ]'h(‘ a(l\'antag(‘s ol having the slit 
as an intc'gral p.irt ol tli(‘ (‘('1h‘1oii ('(‘11 mount an‘ as lollows : 



Extinction CoErpiciENT 
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1. The slit IS placed at such a position relative to the cell that the 

dividing lines are defined clearly on the photographic plate. The 
best position is not the same for all types of spectrograph, hence 
it is necessary that the spectrograph with which the echelon cell 
is to be used should be specified at the time of ordering the cell. 

2 . The slit is fixed by the makers in the correct position laterally relative 

to the cell, which is then correct once for all. The correct position 
of the light source is then easily found by inspection, as described 
in the instructions for use. 



3 As the cell is fixed relative to the slit there is no danger of its being 
displaced during an observation. It is readily j)lace(l in position 
when it is required to be used. This mount is providtHl with a 
quartz condensing lens which, when the light-soiirc(‘ is set at a 
prescribed distance, ensures the correct conditions ol ilhnnination 
of the cells and the spectrograph. 

The sector discs are carried on the shaft ol an eh'ctiie motor mounted 
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on a substantial tripod stand and provided with a locating device which 
ensures the sector disc taking up its correct position in the recess provided 
for it ill the cell mount, without trouble. The driving gear on its stand 
is provided separately from the sectors which are readily interchangeable 
upon it. d'he complete assembly is shown in Fig. 23. The slit has fixed 
jaws which are customarily set to a separation of 0-03 mm. 
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hisInuHons d is tin- (Icii.sity ol tho sector as engraved thereon, 
'riu' c.x.tiiu-(i()ii ciicdu-icnt is given by djl, 1 being in cms. ijl is given 
in the third ('(ihiinn, and the extinction coeilcicnt is obtained by 
multiplying the values ol tlie tliiid column by d. 


2 <). 


In \u‘W ol th(' gu'at amount ol inlorination which is compressed into 
so small a s[)a('t‘, (hlli('iilty may occasionally be experienced in reading the 
I )lat(‘s. 'To obviati' tins a n'h'Kaice plate can be supplied (H 296) on which 
numlx'is ar(‘ photograj)h('d ('01 u^sponding with each spectrum. Ihe 
plati' Ixang plaa'd on the negative and adjusted, the observer 
can see at a glana', wlncln'vca' region ol the spectrum he may be examining, 

the nninbei ol (‘a(‘h sp(‘(’truni strip. 

Specially ])i(‘P‘ii‘‘<i obtained for setting down the 

()bs(‘r\ai(ions, and th(‘s(‘ an* so ananged that the calculation of the extinc- 
1 ion ('oelin lents ( an lx* ('<)inph‘l(*<l on tlu* one sheet by simple multiplication 
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Comparison between the Hilger Rotating Sector Photometer, Notched 
Echelon Cell and “ Spekker ” Photometer. 

It has been found, by visual examination of such photographs as 
those obtained in the above-mentioned instruments, that densities can be 
measured to within o-02 to 0*04, independent of the absolute value of 
density^ Thus, in order that the percentage error in the measurement of 
the density shall be small, the density should be large. ^ The percentage 
error in the extinction coefficient is, of course, the same as that of the 
density measurement which is involved. 

In the use of rotating sector photometers a large number of exposures 
are required, and a larger density, by increasing the time of each exposure 
will cause a serious increase in the time required to obtain an absorption 
curve. Further, the accuracy attainable in making such sectors does not 
justify the measurement thereby of densities greater than 1*5. In using 
the notched echelon cell, however, only one exposure is required ; while 
the higher extinction coefficients, measured as they are with smaller 
thicknesses of liquid, do not involve the measurement of any higher 
density, and for these reasons it becomes feasible to measure large ex- 
tinction coefficients. 

To take an example, if in the use of an echelon cell of greatest length 
I cm., the density of liquid measured is o-j,'^ giving exUnction coelTicients 
from 0*3 to 3 and requiring an exposure of about li\'t‘ si'oonds, an error 
may be obtained of from 7 to 13% in the measurenunit o( tlu' diMisity and 
a like error in the values of the extinction coc^ll'u'ients 11, how(‘\'er, the 
density of liquid measured is 1*5, giving ns extinction coefliciinits from 
1-5 to 15 and requiring an exposure ol about i } iniinites, tlu‘ error will 
not be more than i|- to 3%. 

The “Spekker'" Photometer shares, though 111 a smaller degree, tin' fault 
ascribed above to the Revolving Sector type ol ])hot()nK‘ter. As in the case 
of the latter instrument longer exposure is rt‘(|uir(‘d at luglu'r extinction- 
coefficients but, owing to its greater general rapidity, this is a l(‘ss siaaoiis 
objection to the “Spekker" Photometer, hdirtlua'inon^, the means 
adopted for adjusting the shutter system (a lim' sc'u^w with which is 
associated a long helical scale on a drum) allows ol ac'ciirate settings 

^ See von Halban and ICisonbrand, l^voc. Row Soc , A 116 , 15.1 lly suitable 
choice of photographic plates the accuracy can Ixi lucieased, s(‘o p 5^ 

2 See Twyman, Phys Soc , 45 , r (1933) and Chapt(M iV 

^ Determined by the sector setting chovsen. 

^ It IS avSsumed that the cell is made with siilfu uuit ac ( ura( y lor tlu' (urors m 
thickness to be negligible, and this has been asceit.niu'd to be true m tlu' cells which 
have been made 
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being made for densities as high as 2 . In both instruments a number of 
separate exposures are needed. With the Spekker time is saved be- 
tween exposures which is lost in stopping and restarting the sector. 

Thus it will be seen that the advantages of the Echelon Cell over both 
the ‘'Spekker" Photometer and the Rotating Sector Photometer are 
[a) Rapidity of measurement, 

ih) Accuracy of measurement of high extinction coefficients. 

The “Spekker" Photometer is, however, superior to the Echelon Cell 
in the measurement of very low densities, and has some slight advantage 
in the ease with which the plate may be interpreted owing to the more 
distinct separation of the pairs of spectra. 

(c) Photoelectric Apparatus for Absorption Spectrophotometry in the 
Ultra-violet. The Hilger Photoelectric Spectrophotometer H. 67 
with Miiller-Hilger Double Monochromator D 138. 

This is the combination which should be selected where the highest 
degree of spectral luirity is essential, although for many purposes a single 
monochromator suffices (D 3 /,). 



Im(.. 30. 


Till-: lIIL(;i-K PIIOTOI-LICCTHIC SPI-XTKOPIIOTOMF.TEK 

The radiation is rendered monochromatic by a double Monochromator, 
Mtilh‘r-1 Iilgt'T typ<‘.^ 1 his instnmuait, the construction of which is made 

^ iintish patents, Nos 300780, 344722, 3032(>4 and 374429. 


4 




82 THE PRACTICE OF ABSORPTION SPECTROPHOTOMETRY 


clear in Fig. 30 (which illustrates the larger of the two models made, viz. 
D 107), consists essentially of two large aperture spectrometers in train on 
one base. Light enters at the slit S^ and after traversing the prism system 
P^ and Pg forms a spectrum at slit Sg. This slit allows light of a certain 
required wave-length indicated by the wave-length drum to pass and 
traverse the second half of the instrument. Light of this wave-length, 
highly purified, emerges from the exit slit S3. 

Wave-length adjustment is made by a single hand control rotating the 
drum Di which reads from o*i85p to 4-op for quartz. Accurate lens 
focussing for any required wave-length results automatically from the 
travel of the slide and the rotation of the prism table T. 

The optical system is of quartz but is interchangeable with optical 
work of other materials such as glass or rock-salt. The dispersing prisms 


F 



Fig. 31. 

Optical System ol Fhoto-Electnc Pholometei. 

have an aperture of 60 mm. Aspherical lenses correcU'd by tlie Hilger 
Interferometer process are employed. The relative ai)ta'ture xairies Irom 
//4 to //5.8, the dispersion being approximately (Hjiial to that ol lour 
60° prisms. Owing to the high dispersion, which (‘nabk‘s wi<le slits to he 
used, and the large aperture, the instrument is ol \a‘ry high illuininating 
power. A smaller instrument (D 138) is also inadi' and it is this smaller 
instrument which is generally used for this purpose. 

The light emerging Irom the slit S ol the monoclnomator liitca's the 
photometer (Fig. 31) and is rendered parallc'l by the k'lis !■> 'riu‘ beam is 
divided into two parts by the quartz plate H. One portion is transmitted 
by this plate through the absorption cell C and is locusi'd first by the 
lens K on to the rim of the variable cylindrical sirtor E, and Hkmi to the 
photocell F. Another portion is retlected by the (pi.irtz plate H into a 
second photocell L. 
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The rotating cylindrical sector E is shown in Fig. 32 as used, {a) ; 
and developed into a plane, [b). The light beam passes at right angles to 
the axis, and thus movement of the drum along the axis causes a change 
in the effective density. (This type of variable sector 1 which can be 
adjusted during rotation is much better than some other types in which 


^Q^Undrical S«ctor 




owing to wi'nr oi the xMiimis pails aiiv iMlibration does not remain con- 
stant loi long ) A s('aU‘ IS allaelual whoso n'adings are (‘asily ('onverted 
into (Usisities. 

'riu' two j)lioto('ells ha\’(‘ (|uait/> windows, and \irc gas-lilled. 1 he 
curicaits from (‘adi <ire h'd in opposite dii(‘clions to a Lindeinann electro- 
nieU'r, so that only wlum llu‘ two (oirnMits are idimtical do(‘S the electro- 
metin' ne(‘dle letani a sti'ady position. 'Fins (spiahty is roughly secured in 

i Sinul.u to that (leseiiluMl by Dunn, AVa. Sc, , 2 , S07 (1931). 
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the first place by adjusting the potentials in the gas-filled cells (keeping 
such a potential on each cell that adequate sensitivity is obtained), and 
thereafter by adjustment of the sector. The position of the sector is 
determined first with the absorption cell C in the beam, and then with 
the compensating cell C', which usually contains the solvent. The instru- 
ment uses a '' null method and is thus independent of fluctuations of the 
light source. The complete photometer is shown in Fig. 24. The range of 
this photoelectric spectrophotometer depends on the photoelectric cell 
which is used. With a sodium cell it works from 5500 A in the visible to 
2500 A in the ultra-violet. By the use of other cells the range can be 
extended from i-2[x in the infra-red to the limit of transmission of quartz 
in the ultra-violet at 1850 A. 

Of this photoelectric spectrophotometer it may be said that its 
sensitiveness ( AI/I) is at least ten times that of the best visual or photo- 
graphic spectrophotometer.^ The absolute accuracy of its measurements 
is limited by the accuracy of the sector. In an actual instrument this was 
within ± 0*2% of the aperture at 33% transmission (which corresponds 
with the optimum density for accurate measurement). 

It appears then that this instrument can be relied on to measure 
densities in the neighbourhood of 0-43 to an accuracy ot 0-004. 
illustrates how instruments of the photoelectric type, indispensable for 
measuring small changes in extinction coeFflcients, do not show quite the 
same degree of superiority over visual or photogra])hic instruments in 
absolute measurements of extinction coeflicients. b'oi measuring small 
densities (high transmissions) tluar superiority Ix'comes uiKiuestionable 
from any point of view. 


CHAPTER VII 

THE TECHNIQUE OF SFECTROFlKm iMICrKV USINO QUARTZ 
SPECTROCrRAlTl AND ULTRA-VIOLET FI K )1 ( )Mb: fuR 

Light Sources. {Soc also the geiu'ral laanarks in ( haptca IV.) 

There are three jinmary conditions lor a light soukh* loi ult la-x'iolet 
absorption spcctrograjihy (u) 'I'lie source should bt^ as Inn' from Ihictua- 
tion as possible ; (h) it should have a high intrmsK' bi ightiu'ss ; (t ) it should 
yield a spectrum as nearly continuous as possibh*. 

^ There is no diliiculty in increusing tins sensitivity von I hilb.in and Misvnbiand 
have obtained a sensitivity 100 linuis as gr(‘at <is tliat cd tin* photopjr.ipliic method. 
*The numbers which appear in the text icfer to tlie Publisher’s catalogue 
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Use has most frequently been made of a spark discharge between 
electrodes of a material which yields a very complex spectrum with a 
uniform distribution of lines. The spark is conveniently excited by a 
small ( J k.w.) transformer (F 282) fed with alternating current and giving 
on open circuit about 10,000 to 15,000 volts. A condenser (F 283) of 
sufficiently large capacity is connected in parallel with the spark gap. 
With a separation of the electrodes of about 4 mm. a brilliant “ fat 
spark is obtained.^ The bright spark is accompanied by more noise than 
is comfortable, and a sound-proof box may be added with advantage 
(^e.g. H 234). Sometimes, particularly with the aluminium spark (which, 
however, is not often used for absorption work) the spark will change its 
note to a hissing sound. When it is in this condition the radiating character 
of the spark is entirely altered and the radiation is much less intense. The 
brilliant character of the spark can be restored by scraping the electrodes. 

The electrodes which are most suitable are of selected steel containing 
large percentages of tungsten and other metals. These yield an extremely 
complex spectrum extending to beyond 1850 A. They are obtainable 
(F 406) with one end sharpened to a wedge and when in use this edge 
should be placed so as to be collinear with the optical axis of the spectro- 
photometer, I'hen any wandering of the discharge will only take place 
along this axis and will have no ill effect upon the results. Such electrodes 
are consumed hut slowly and may be used for several hours without 
readjustment. 

With suitable j)recautions use can sometimes be made of an arc between 
eU‘etro(U‘s <)1 suitabU' mat(‘nal, such as the tungsten steel mentioned above. 
l)isadvanlagt‘s ot the arc are the rapid consumption of the electrodes, 
n‘iid(‘nng tn‘(|uent rea<l|ustment necessary, and the large amount of 
wandering ot tlu‘ source of light, which is particularly objectionable when 
quantitative^ measurements ol absorption are being made. This effect 
can sometimes h(‘ ()V(‘n'onu‘ by using a small area of a diffusing material 
as tlu‘ ac'tind S()ui'(‘<‘ ol light for llu‘ instrument. Ihe diffusing medium 
may be a giound (piartz jilate over which is placed a metal plate pierced 
with an ap(utinc‘ about 4 mm. in diameter (H 191). The arc has the 
adv,uitag(‘s ol simpli<'ity f)l opcu'ation and silence to offset partially its 
disadv.mtages. 'this dillusing plate is not recommended for use with the 
" Spi'kkei Fliolom(‘l(u on account ol the “granular'' nature of the 
imag(‘ on lh(‘ slit. 

Continuous Light Sources. 

It has long htam i(‘cognis(‘d that a light source giving a continuous 
spt‘ctruni in th(‘ ulti <i-\'iol(4 would often be ideal for this work, whilst for 
* t'or noU's on the oscilhiling spark, sec Appendix V. 
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detecting fine-structure such a source is indispensable. Various sugges- 
tions have been made and various types of apparatus employed for the 
purpose. The condensed electric spark under water has been employed 
by some investigators. It is very troublesome to operate and requires 
elaborate equipment including a Tesla transformer, while large quantities 
of distilled water are required for its operation. 

Recently the Hydrogen Discharge Tube has been developed and forms 
a convenient continuous ultra-violet light source. The types of tube now 
generally employed are modifications of that first described by Bay and 
Steiner.^ Such tubes are excited by means of transformers. 

One improved form of the Bay and Steiner tube (F 698) is shown in 
33 - Connections are made to two wire loops which in turn are joined 
to the massive electrodes. The latter are surrounded by fused quartz 
tubes closed at the inner ends and opening to a long platinised discharge 
chamber near its extremities. The discharge is viewed end-on '' through 
a quartz window sealed to the main Pyrex tube by means of a graduated 
glass seal which is permanently vacuum tight. A reservoir l^iilb connected 
with the tube plays an important part m extending the life of the tube and 
maintaining its uniformity of operation. Cooling water circulates in the 
jacket to which connection is made through side tubes, d'o increase the 
working life of the tube it may be run at less than its full voltage, as for 
instance while setting up the apparatus with which it is associated. An 
important feature is that the discharge chamber extends to near the end 
of the tube, whilst the end of the tube is cone shaped In this way the 
radiation from the axial region of discharge reaches the spectro[)hotometer 
without any vignetting of the beam. I'he tube takes 250 in. A. at 4,000 v. 

A suitable transformer outfit (F 700) for exciting the discharge is that 
illustrated (Fig. 34). It consists of an auto-transformer and a transformer 
and is designed for connection to 50-cycles A.c. mains. Rotary switches 
with stud contacts fitted to the auto-transformca* permit of n^gulation of 
the output of the set The set illustrated is desigm^d lor an inj)ut of 150 
volts A.C. and with both switches at the maximum position oul})uts of 
4,000 volts or 2,000 volts can be obtained from tlu' translornuu' (U^xauhng 
on whether the two sections of the secondary are connected in parallel or 
in series. Lower outputs can be obtained by scdting the switclu's to 
intermediate voltages. The full output of the' trails (oniKT is 2 K.V.A. 

There is one disadvantage against which the user ol hydrogen tubes 
must be warned. The radiation comes Irom the interior ol a tubt\ and 
if great care is not taken to maintain perfect alignmi'iit the radiation 
received by the two beams passing through the ])hotoineler may dilltT 
owing to the differing aspects from which the light source is vic'wed 
^ Znts. fur Physik, 59 , pp 48-52, 1929 
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through the two paths. Even so, unequal distribution of the illumination 
within the capillary may be a source of error. For this reason the 
condensed spark between uranium electrodes (F 803) may sometimes be 
used with advantage. The spark spectrum of uranium in the ultra-violet 
is very much richer in lines even than that of tungsten steel and has a 
noticeable amount of continuous background. The uranium metal is 
very expensive, but the electrodes may be clipped in holders which enable 
all but a minute portion of the metal to be used. 

Determining Wave-lengths. 

The E 316 spectrograph has a wave-length scale ^ so mounted inter- 
nally that it may be printed on the plate and developed up with the 
spectrum. Wave-lengths are read from such a scale with sufficient 



^ Shtof 

luo* S7- 5p€clro^nipk 

Method ()1 1 nt I ( )( liK'niir, ( 'onipan.son Specirum with “ Spc‘kker” IMiotoinotcr. 


acciinicv’ wh('r(' th(‘ ri'admg of tli(‘ match points is madc‘ by eye. Two 
kinds ol woi k nspiire something l)(dt(‘r. 

{({) Wh(*r(‘, as nuiy sound iiiK's aris(‘, in tin' analysis ol mixtures, the 
utmost <i('(ana<'v is aiiiUHl at, tin* match points on th(‘ pairs ol spc‘ctra 
obtiiined by the “ S))c‘kk('r ” photometiu* may bi‘ determined by ti photo- 
electric ('ompanson inii'i'ophotoiiKdc'r (IT363). 1 1 is usedess to do this unless 
tlu‘ wa\a‘-l(‘ngth ol tin* match point is measuR'd with a lik(‘ accurac}^ A 
iiKdhod of doing tins is to photogia])h on th(‘ pkite, alti'r (aich absorption 
ex])osni(‘, <md Ixd'on^ mo\ mg th(‘ plat(\ an iron arc spt'ctrum. Fig. 37 
inchcati's on(‘ way ol doing this rh(‘ diagram gi\a‘s a i)lan view so that 
only till' nppet Ixsiin appears A rt‘j)r(‘s(‘nts th(‘ iHsun passing through the 
“ Sj)(‘kk(‘r” j)liotom(d(‘i I he iron arc ('an lx* photograjilu^d by putting the 
prism P into tlu' Ixsim Wduai tlu‘ (wposiiR' has Ixhmi niad(‘ it is only 
ncc(‘ssary to push tlu‘ [)i isin < )nt ol 1 lu' Ixaim, and tlu‘ spark bcaim can then 
pass thiough th(‘ mst rument umnt(a rupt(‘dly. In order that the iron arc 
M )r a scal(‘ of wave auinbers 
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may be impressed on the photographic plate without this being removed, 
and also without interfering with the pair of spectra, a special shutter must 
be added at the slit. 

In the diagram, Fig. 35> A, B, are the absorption spectra, while C is the 
iron arc spectrum. Suppose the line D indicates the match point as shown 
by the microphotometer, and that this wave-length falls between two lines 
Xi and Xg in the iron arc. The microphotometer is fitted with a micrometer 
screw which enables the distances d-^ and between the match point X 
and the wave-lengths X^ and Xg to be determined. Ihe wave-length X 
can then be found by linear interpolation if iron lines sufficiently close 
together are available or by using a Hartmann formula (see Jhe Practice 
of Spectrum Analysis, 6th edition, pp, 55 et seq.). The lines of the 
iron arc spectrum are sufficiently close everywhere to allow the accuracy 
mentioned on page 56 of The Practice of Spectrum Analysis to be 
obtained on Hilger Quartz Spectrographs by lineai interpolation, except 
in a few small ranges of the spectrum such as 2423 to 2438 A, 2211 to 
2228 A, and 2115 to 2126 A. Greater accuracy may be secured by the 
use of the Hartmann formula although this adds considerably to the 
work as compared with linear interpolation.^ 

{h) In investigating fine structure in absorption bands, where the use 
of true spectrophotometers is impracticable, the wave-length or frequency 
differences between the lines, rather than the intensities, are reciuired. 
These wave-lengths are usually determined with the help of a comparison 
(iron arc) spectrum, as has already been described above. 

The Adjustment and Alignment of Ultra-Violet Spectrophotometers. 

The remarks which foUoware not intended to replace the full instructions 
for use of individual types of instrument but rather to indicate the most im- 
portant general conditions to be observed in setting up such apparatus. 

The light source, when separate from the photometiu*, is first sed at the 
height of the middle of the spectrograph slit. It is thvn placed at the 
required distance from the slit and in line with the axis of the collimator. 
The plateholder is removed from the spectrograph and on looking into 
the extreme right hand side of the slot so revealed the ohsi'rvtT will st^e 
the camera lens aperture. When the source is correctly in line a (lifiiise 
image of it will be seen in the centre of this aperture. 'riu‘ sht should be 
fairly wide and for final adjustment the length of the sht should be re- 
duced to a few millimetres. 

The ” Spekker " photometers (H 237 and H 290) carry their own light 
source, and the adjustment is very simple, as it is only necessary to 
see that the light source is set mechanically in the prescribed maimer, 
1 The Hartmann formula is given in The Pmehee of Sfettrum Analysis, p 56 
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the locating device on the spectrograph slit correctly engaged and 
the resultant diffuse image of the source properly centred on the 
aperture of the camera lens. 

It is essential that the whole pencil of rays passing through the photo- 
meter should also pass through^ the lens system of the spectrograph. 
The instruments are designed to comply with this requirement when set 
up in the prescribed manner. 

Selection of Exposures and Thickness and Physical Condition of the Liquid. 

Exposure. The best results are obtained when the comparison spectrum 
[i.e. that which does not pass through the absorbing solution) has in each 
exposure a moderate degree of blackening, for those points in the spectrum 
where the match is made.^ For this to be obtained the exposures should 
generally increase as the apertures are reduced. A satisfactory first result 
will usually be obtained by use of the formula : 

Exposure = A antilog d 

where A is a suitable exposure (which we may call the initial exposure) 
with the photometer at full opening, and d is the reading on the density 
scale of the photometer. A depends on the light source, the photographic 
plate employed, and the region of tlic spectrum where the point of match 
of the photograph in question is expected to he. 

With the sparking apparatus described above, tungsten steel electrodes, 
a spark gap of 3 mm., a sht width of six divisions on the drumhead (0*03 
mm.), and Ilford Rapid Process Panchromatic plates, an initial exposure 
of 10 seconds with the Sector Photometer and one of i second with 
the “ Spekker ” Photometer usually gives a result of average utility. 

The values of antilog d corresjxinding to the readings of the sector 
are given by the following table : 


TABLIC in 


(1 

Aatilog d 

d 

Anti log d 

0 

I 

o.H 

6.31 

0.1 

r.2() 

0.9 

7.94 

0 2 

1 5X 

I.O 

10. 00 

d 

2 00 

1 .1 

12-59 

0.4 


1.2 j 

15 X 5 


3 16 

1-3 

19 95 

0 () 

3-9^ 

I 4 

25 12 

0.7 

5.01 

I 5 

39.8r 


^ See also page o j. 
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i.e. assuming that with the aperture fully opened, an initial exposure of lo 
seconds is given, then with the aperture set at o-i one must make an 
exposure of 10x1.26 = 12! seconds. The times so arrived at need only 
be complied with approximately. 

It will be seen that the total exposure required for a set of sixteen 
photographs is about 150 times that of the first (full aperture exposure) 
amounting in the case of the Sector Photometer to about 25 minutes total 
exposure or, say 33 minutes counting the time of altering the setting of 
the photometer, shifting the photographic plate, and filling, cleaning and 
drying one cell. With the “ Spekker ” Photometer, requiring only about 
i/io the exposure this becomes ii minutes. 

With the sector type of instrument time can be saved in the exposure 
by using cells of various lengths, selected in such a way as appears below; 
using the Sector Photometer with a full aperture exposure of 10 seconds ; 


TABLE IV 


Length of 
tube 

Densities 

Measured 

Extinction Coeflicienls 
Obtained 

'J'olal Duration of Ex- 
posure of the Group 

2 cms. 

0-2 

O-I 



0-4 

0-2 



0-() 

0*3 

240 seconds 


0-8 

0-4 



1*0 

0-5 


I cm. 

o-O 

0-() 



07 

0-7 



0-8 

o-<S 

3,30 s('C()iids 


0*9 

0-9 



1*0 

r-o 


0*5 cms. 

0-55 

i-i 



0*() 

I -2 



0*65 

1-3 

about 225 seconds 


07 

1-4 



075 

1-5 



Since the higher the density measured tlu' greater the accuracy in 
measuring an extinction coefficient, it will be observed that the saving of 
time in exposures by using shorter tube's is accompanied by a lowering 
of accuracy in the determination of extinction coefficients. 

The total duration of photographic exposure in the instance just given 
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is about 13 minutes. On the other hand three cells instead of one have to 
be filled, washed, cleaned and dried. We may take it then that the total 
time occupied is : — 

Time of exposure ------ i j minutes 

Altering the Photometer, shifting Plate for 15 

exposures, say - - _ _ _ ^ minutes 

Filling three cells - _ - _ _ _ 4I minutes 

giving a total time of 24^ minutes as against 33 for the first example, a 
saving of 8 minutes approximately. 

In the case of the Spekker '' Photometer the initial exposure required 
is only about one second and the total time for taking a complete series of 
photographs 2 1 minutes. There is, therefore, no saving of time efiected 
in taking photographs through different columns of liquid. 

If, however, the extinction coelficients to be measured were higher, it 
would be found that the advantage of using different lengths of tubes is 
greater and one may sum up, therefore, by saying that having a variety of 
cells is oi real utility in that it makes it possible 

(a) to obtain, ev(‘n with liquids of low extinction coelficient, a suffi- 
ciently high (Uaisity to s(‘cure n^asonahle accuracy ; 

(/?) to avoid tlie e\posur(‘s Ixwming exc(‘ssi\'{‘ in tln^ measurement of 
high c'xtinctiou cocKiciiaits 

It has hec'ii found that a sera's of c(‘lis covering all ordinary purposes, 
consists ol th(' following • 

I nun , 2 nuns , 3 )* 3 , 3 .) nuns , 5 nuns., 10 nuns , 20 nuns , 40 mms., 
and 100 nuns. 

It will iMK'lv h(' found woith wink' d('<ilmg with any one lujuid in 
niOH' than tlirei' (a'lls. 

It will not he amiss lu're to inak(' sonu' iiR'iition of th(' Notched 
lu'lu'lon ('ell Using a di'iisity ol o*i() with an exposun' of 1 j .1 si'conds, 
ten pans of photogmphs (‘\tcnding ovi'r tlu' saiiu' rang(' as that given in 
the aho\(' tahk's an' ohtaiiu'd. As |)oiiit(‘d out ('Isi'wlu'n' (s('t' ])ag(' 80) 
th(' Not('h(‘d Ihiielon ('ell is not so a('('urat<‘ loi tlu* iiu'asurt'iuent of low 
densitK's .is the ‘‘ Sjx'kkei ” Pliotonu'ti'r, in wtiudi long (S'lls can hi' utilisi'd.*- 

ConccnlvLiluni (ind Ilrnkficss of Liquid. I hi' fiist sti'p is to find such 
a thickiK'ss and ('oni'cnt r.it ion of thi' li<iuid under test as will gi\'t' absorp- 
tions within t h(' range of .ici'uniti' nK'asuri'ineiit ol t hi' ])holoin('t(‘r.“ 

* III I lie st.unl.inl insliiiiiKMit lo < ms , but mstiumeiils ol this type are availal)le 
taking mm li longci t a 1 )es 

As Ii.is brmi jioiiited out, Ikau's l.iw does not alua\s hold, and whine this is tlic 
case the obsci voi must usc‘ 1 h<‘ lupiid in t lu‘ com enti at 1011 in u Im h its jiiojx'rties arc 
of interest lo him 
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For this purpose set the scale to read 1.5. Then find by trial such a 
thickness and strength of liquid as will cause the spectrum photograph 
taken through the liquid to be slightly stronger in the region of maximum 
absorption than that taken through the variable aperture. 

For liquids of very high extinction coefficient a micrometer tube 
(H 374) may be used in which thicknesses from o-o to 5-0 mms. may be 
readily obtained. 

A convenient form of cell for use when very thin films of liquid are 
to be investigated, when their absorption is great or the available 
quantity is small, has been described by Judd Lewis. It consists of 
two quartz plates and a separating piece of thin tinfoil, clamped 
together by means of spring clips. The thickness of liquid can be deter- 
mined as the difference between the sum of the thicknesses of the two 
plates and that of the assembled cell. Convenient sets of plates, in 
which pairs have identifying marks, thus avoiding repeated measure- 
ments, can be obtained (H 271). 

To correct for the reflection of the end plates of the tube containing the 
liquid, the universal procedure is to use a tube in each beam, the one con- 
taining the solution under examination, the other the solvent only ; or 
where the absorption of a pure liquid is being measured to use in the other 
beam some liquid of absorption negligible within the region under exam- 
ination [e.g. distilled water). 

Tiibes for Liquids, A variety of tubes is available. They an‘ illuslrattn I 
in Fig. 36. The most generally useful (FI 65) has screwc^d (‘uds by whi<'h 
the quartz end plates are held firmly against the ends ol tlu" tuht^. 
H292 is of fused silica in a single piece, thceinls being altiirhed by ,i si)erial 
process without any cement or clamping. In M .j.Sb-jfx) tin* s<-parntini^ 
tube and end caps are held together m a spring inmint, whilst 11 .574 is a 
micrometer cell in which the thickne.ss can be varied fnnii 5 mni down 
to a very thin layer, the thickness being read on the divided head to 
o-oi mm. 

The separating tubes or rings have polished ends, this being necessary 
in order to retain volatile liquids such as ether. 

Both end plates and tubes .should be carelnlly cleani'd belore ]iuttin,!g 
them together. If all dust is removed from one end of the lube a plate ina\' 
be gently slid into contact with it .so that (it the tnbi' laids ari' jiohsbed) 
a few broad coloured rings can be .seen at tlie interlace 'I'lie tube and the 
one end plate are then held together by the scri'w (’aji or othi'r I'laiiipiigig 
device. The upper end of the tube is dusted and the solution is put ui 
(by means of a pipette or otherwise) until a nieinscns is loriiied above tlio 
end of the tube. If the carefully dusted end jilate is now slid on (piii'kly , 
firmly and steadily from one side, all air bubbles can nsnally be e.\chidi'<l 
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Prism-Grating Infra Red Spectrometer. Plan view with cover removed (see page no). 



WITH HILGER INSTRUMENTS 


93 


and little or no liquid can get on to the outside of the end plate. It is 
better to start with clean end plates than to have to clean them when the 
tube is completely assembled. Any surplus liquid should be swabbed 
from the side of the tube. The upper end plate is now clamped and the 
filled tube is ready for use. 

Great care should l^e taken not to scratch or chip either separating 
tube or end plates, or leakage will take place. Damage of this kind is most 
frequently caused by sliding or clamping the end plates in position with 
grit between them and the separating ring. 

Taking the Photographs and Recording Results. 

The method of taking the photographs has been briefly mentioned on 
page 71. A large number of photographs can be taken on the one plate 
since the space occupied by each double spectrum is rather less than three 
millimetres. A series of exposures should be taken with the scale set to 
a known series of densities, increasing the exposures in accordance with the 
tableonpage 89. Finally the wave-lengthscaleofthespectrograph is printed 
on the plate as described in the Instructions for Use of the spectrograph. 

If no wave-length scale is provided on the spectrograph, an arc should 
he used as comparison spectrum, m the way described on p. 87. 

It is sometimes possible and ])ermi.ssible to omit some of the density 
settings from the series. Occasionally the nature of the absorption of a 
substance renders it of assistance to take two different thicknesses of liquid 
(for different regions of the s[X‘ctruin) and to combine the results obtained 
with them. I'wo shortened series may then be taken on the one plate with 
a saving of time and material. 

No instructions (or d(‘V('lo[)ing and (ixing the plate are required here, 
since th(‘ proc(‘(liir(‘ is tlu‘ saim* as in ordinary photography; a list of 
plates and developersliaving various characteristics appears in Appendixl, 
p. I ij 'I'lie raaider should also refer to \) 5 d with regard to choice of plates. 

Wlien taking th<‘ ])hotograplis it is advisable to keep to a definite 
routine such as the following : 

1. Std the plate (“arner (and se(‘ that the shutter is withdrawn). 

2 . Set the photonuder scah‘ (In the case of the Sector Photometer the 

motor can now be switcluxl on and any notes made while it 
acc(‘k‘r<it(‘s ) 

3. hlxpose (or the alIott(‘d lime by switching on the light source. 

4. Switch off th(‘ light soiiic(‘ (In the case of the Sector Photometer 

switch o(( the motor which will have come to rest by the time one 
IS ready to n'peat 2 ) 

Repeat tlu' abo\'e in tlu* same order for each density reading. 
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The room can be as well lighted as may be desired with this apparatus, 
the design being such that no special or irksome conditions of room 
darkening are required for its use. 

The plate after washing and drying should be placed on a suitable 
viewing stand (F 644) and carefully surveyed with a low power eyepiece 
(H245). Points are selected in each double spectrum at which the two 
spectra exhibit exactly equal degrees of blackening. It is a help in finding 
these positions if it is noted that the inequalities change over at a certain 
point from lighter at the top to lighter at the bottom. In each spectrum 
pair the position (or positions) of equality should be marked with a small 
dot. Fig. 17 shows a portion of such a negative obtained with a Spekker 
Photometer and an E 316 Spectrograph. The wave-length position is now 
to be determined either by reference to the scale or to the comparison 
spectrum. 

Setting out readings. The readings so obtained are wave-lengths 
at which the absorption reaches a certain predetermined density. To 
convert the density readings to extinction coefficients, the values of 
the density are divided by the thickness of the liquid in centimetres. 

Whatever region of the spectrum be in question, the best method of 
recording results is in the form of a curve which has either wa\'e-lengths 
or frequencies 1 for abscissae, and extinction coefficients or m()h‘cular 
extinction coefficients for ordinates. Occasionally the logarithm ol the 
extinction coefficient is plotted.^ Fig. 25 shows the absoiptiou curve 
corresponding with Fig. 17. 

The Examination of Translucent Bodies. It may happen that the 
materials to be measured are not perfectly transparent mid ('aiise a definite 


amount of diffusion of the light passing through them, ddiis is the case, 
for instance, in the examination of skin or subcutaneous nuunbrmie lor its 
transmission. It will be obvious in this connection that tlu^ (hlt‘<'t ol the 
diffusion is added to that of the absorption and erroneous nieasiiK’nuuits 
will result. 

The question of diffusion was forced on the attention of thost^ interested 
in measuring the density of photographic negatives, lor th(‘ {ihotograpluu' 
is interested not in the quantity of light which in travm-sing tlu‘ darkmual 
part of a negative goes on in a straight line without di'viation, hut, since 
the printing paper is put in contact with the tilm side ol the m^gativig h(‘ is 

mterestedm the total quantity of light that gets tlirongh H<‘ is intiu'estts I 

in measuring the light that is scattered as well as the light whuffi is not 


Or more conveniently wave-numbers, sec p. 6 
' y recommended, as logar.thms of ext in, I „ .n , , „.|l„ „.„K nn<, ( 

mvefttgated “ , oclli, i.-nts is l.ou.g 
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scattered. The solution of the problem of correctly measuring the density 
in such a case was provided by M. Callier, the well-known photographic 
chemist.^ The principle of his method is as follows : 

If light from a point A is intercepted by a sheet of absorbing and 
diffusing medium B the intensity of light on an area C is diminished by 
the deviation of a certain amount of light in directions D, E, etc. In order 
that we may get an accurate measurement of the absorption we must 
supply light incident in all directions, and this was done by A. Callier by 
placing a sheet of diffusing medium on the illuminated side of B There 

B 



is difficulty 111 applying this to ultra-violet radiation because, for instance, 
if we select as the dillusiiig si'reen a plat<‘ ol <|iiartz with a frosted or 
greyed suiiact‘ (and w<‘ have scarcely anv oth<‘r kind ol (hriiising inedium 
to choose Iroin) the dillusioii is not ]K‘rt(‘cl , hut it has been found in 
practice i)y t' J B Gair that it is possihh^, with can‘, to obtain sufficient 
diffusion by using two such plates, I\Ii. Gair has m this way measured 
the transp.inau'y ol huncui skin in tlu* ultra-violet In this instance 
difhisiou is ol pai <iniount iiniiortaiu'e - 

CoMciilunis for stHiiri}!!’ (fcciirdi v in spoctroj^liolonhiry. d'he riaidcr will 
find this subjei't de.ilt with ill t haptia* IVh 

'Fhc tih'il on (ilisor/>lion o/ hcloroiynnly in iJic sohtlion. It is important 
that tlu' ahsoibmg medium lx* honiogiMK'oiis II it is not, then tlu‘ 
nKS'isiin'd deiisiU' will be sm<dl(‘i lliaii that ol <i liomog(‘iu‘ous solution 

^ " 'I'lic al)s()i plion and s( atlcr ol plioLo^iaplnc iu‘.sat ivcs," Jonrn., 

49, 200 (km")) '1 1 ansIat(Ml I)n ( ' 1', 1\ !\l<‘cs C .illua distinguishos l wo deiisitiCH, one 

lor iiradi.dioii 1»\ dillusc and oii<‘ l»v paiailtd i.nlndioii 

“ ,dso 1 ’cai son A Noi 1 1 Hi it joit) n. Juiif ii>1(\l;v, 6 (N('\v Senes), No. <S(>, August, 
193 Vppcnidix I\', 
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of the same mean concentration, and the difference may be very large. 
The following examples may be mentioned. 

When sulphuric acid and water are mixed the oily appearance due to 
incomplete mixing is very noticeable and very persistent. Blood, too, is so 
viscous that on dilution with water it does not easily mix, and special 
precautions are taken such as the use of glass beads in the dilution pipette. 
A similar effect has been found in the Hilger laboratory on diluting cod- 
liver oil with chloroform ; when examined with the Hilger interfero- 
meter (a very powerful means of demonstrating heterogeneity in trans- 
parent media), the solution shows a granular appearance even after 
vigorous stirring, and this may persist for an hour or more. 

In such instances as those given the effect may cause very large errors, 
especially when the absorbing substance has a high extinction coefficient. 

The Effect of Temperature. Absorption sometimes varies considerably 
with temperature. Instances are given by Mukerji, Battacharji and 
Dahr.’" In the former paper a case is recorded where a 30° rise of 
temperature caused a more than two-fold increase of density The 1933 
Report of the National Physical Laboratory on p. 137 draws attention to 
the importance of temperature m measurements oi absorption, and on 
p. 140 states that all such measurements at the Laboratory arc; made at 
or corrected to 20° C. 


CHAPTER VIII 

THE APPARATUS AND TECHNIQUE OF ABSORPTION SPECTRO- 
PHOTOMETRY IN THE VISIBLE SPECTRUM. “ 

Observations of absorption in the visible region were made \’ery early ; 
quantitative measurements of value commenced with Vierordt, of whose 
work mention has been made in Chapter II. Other important work that 
may be mentioned as of early date is Vogel’s ^ determination of carbon 
monoxide in blood, and Auer v. Welsbach’s separation of neodymium 
and praseodymium. Branby* described an ahsorjition method for 
determining haemoglobin. His spectrophotometer was ol the polarisation 
type using Nicol prisms, arranged so that the tan- law ajiphes. 

^ Journ. Phys. Chem., 32 (1834), (1928) ; ibid. 35 , 653 (ki.o). 

The numbers which appear in the text refer to the Pubhshor’.s t'at.iloKUc. 

^ Ueber die Nachweisung von Kohlenoxydgas, Berlin, Her. dent Chem Oee., 10, 
1877, Jan — July, p 792. 

Annales de Chimie, sei. V, vol. 27 (1882). 
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To-day there is no region of greater interest to the practical chemist. 
Not only are absorptions in the visible region particrdarly of interest 
because they are associated with colours and colour changes, as in 
solutions of dyes, fading, and so forth, but the apparatus is simple and 
speedy in use, and therefore suitable for the study of rapid changes in 
absorption, and of the nature and speed of reactions involving such 
changes. 

The first requirement of the apparatus is a suitable light source, 
together with means of dividing the light from this source into two beams, 
of which one passes tlirough the substance whose absorption is to be 
measured, while the other is either unabsorbed or passes through a com- 
parison substance, llie two beams are then passed through apparatus 
which can alter their intensity with respect to each other, and finally 
spectra of the two beams are formed in close juxtaposition by means of a 
spectrometer. The small wave-length range selected for an individual 
measurement is isolateal, and the beams are brought to equality by the 
photometric part of the apparatus on which the reading is taken which 
gives the measure of the absorption. 

All \’isual sjH'ctropliotoinetcTs consist essentially of the above 
elements. 1 he instruiiK'iit seita'ied for description is the latest type of 
Hilger Research and Indus! rial vSpectropliotometer (H r8i). This has been 
designed with a \new to (iKunical applications, and, before describing the 
instrument, it will lx* (U'sir<d)l(‘ to jxiss m rexac^w some typical instances of 
such *ipj)lications ol \ isual spiadrojihotoineters, all of fairly recent date. 

'Fypical examples af clieiiiical a pphcalions of visual spectrophotometry. 
An accurate' and rapid nu'thod ol hydrogem ion concentration determina- 
tion can H'adily hc‘ applii'd to plant ('ontrol work. (Ih'odc,/ d.C.S., 46 , 5S1, 
1924). In the' dye industry, t In* (U'h'rmination ol concentration and purity, 
since tlu‘ ahsoiption spec! 1 11111 ol a dyi' gives a measure both of its colour 
purity and coiua'iitrat ion, (mii ri'adily he made. Standard curves of pure 
cominercially important dyi's* have been prepared by the Dye Laboratory 
of the U.S. Ihin'au ol Standards on a numlx'r ol the most important dyes, 
(hhson et al., Sei Papers Pur. Skis , 18 (1922); Appel and Brode, Ind. and 
('hem , 16 , 7<}7, i()2.j ; Appt'l, Hrode and Welch, Ind and Eng. Chem., 
18 , (>27 (i<)2()) : Ihodi', /;/^/ and Eng (Vaw., 18 , 708, 1926. In these papers 
(lata arc' gw'c'ii on tin' standard ahsorjition ('urves for a number of dyes, 
mc'tliods lor th(' spei'tropliotonu'tnc determination of the amount of dye 
])rc'sent, deti'ction ol impuritic's, and in cc'rtain cases the quantitative 
c'stiination ol tlu' impurity pu'seut. In the' (Quantitative estimation of 
dyes of known ('omjiosition to (h'tc'rmme the amount of salt or other non- 
absorbing matc'iitd ])r('s('nt, it is not lU'cessary to determine the entire 
’ IiH luding those permitted in foodstuffs 



98 THE PRACTICE OF ABSORPTION SPECTROPHOTOMETRY 

absorption band, but only the intensity of absorption of the maximum of 
the band. The ratio of this to the maximum absorption intensity of the 
standard curve gives the amount of dye present. 

Other commercial applications include the absorption spectra of 
concentrated sugar solutions for determining the colour of sugar, Peters 
and Phelps, Bureau of Stds. Tech, Papers, No. 338 (1927), the study of 
coloured glasses used in photographic filters, for eye protection and 
similar purposes, Gibson,/. Opt. Soc. America, 13 , 267 (1926) ; Sci. Papers, 
Bur. Stds., 18 (1922). 

Reflection spectra measurements have been applied to the study of 
paint samples, paper samples, dyed fabrics and the like, to measure 
colour intensity, to compare samples and to obtain quantitative data on 
the rate and nature of fading of exposed samples, Gardner, Physical and 
Chemical Examination of Paints, etc. (1925), chap III. p. 34. 

Other applications not so directly of interest to industry are 
spectrophotometric determinations of adsorptions, and in ])articular 
adsorption by biochemical materials, Fodor and IGwlin, J.C S., I. ro2 
(1926) ; Fodor and Mayer, Kolloid Z., 40 , 41 (1926) ; and Riwlin, /.C.S., 
II, 2300 (1926). The dissociation constants of indicators can be accurately 
determined by a spectrophotometric examination ol the indicator in 
solutions of known hydrogen 1011 concentration, Erode, J.A.C S., 46 , 581, 
^924) ; Thiel and Wiilfken, Z. anor^. Chem , 136 , 3()3 (i()24) ; Mellon an<l 
Martin,/. Phy. Chem., 31 , 161 (1927). I>y the use ol th(‘ same ])nnci])k‘ of 
observation a rapid and accurate method for the detei mination of hy- 
drogen ion concentration has been developed. Although the method is 
colorimetric in principle it may be applied to coloun‘d solutions as well as 
to colourless solutions. 

An important field of re.search has been opened by tht‘ study of the 
effects of physical conditions on absorption spectra ol various inatcnuals 
The following are examples of recent researches of i his type' the inlhuuH'e 
of heat on the absorption spectra of coloured alkali halides, Philips and 
Erode,/. Phys. Chem., 30 , 507 (1926) , Idechsig, Z P/iysik, 36 , 005 (i c)20) ; 
studies of Beer’s and KundPs laws, Rossi and l>asmi, Annali. CTn'ni., 
Appl. 16 , 299, 1926; Vaillant, Conipt. rend , 184 , if)5() (i0-7) . Szilard 
Bio. Chem. Z., 170 , 185 (1926). 

Independent investigators searching lor elenuait No ()i (Illiniuin), 
used visual absorption spectra measurements m (h'ti'rmimng th(‘ cutting 
points in separating fractions of rare earth salts, Harris, Yntenia and 
Hopkins, /.A. C S., 48 , 1585, 1594 and 1598 {n)^()) ; Rolla and lVrnand(*s, 
Z. anorg. Chem., 157 , 371 (192G). 'Ihe absorption sjiectra of various (de- 
ments and salts in the vapour state have been tire subjc'ct of a nuinhtu' ol 
recent investigations, Sowerby and Barratt, Proc. Roy Soc. A., 110 , i()() 
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(1926) ; Zumstein, Phys. Rev., 26, 765 (1925) ; Van Heel, Proc. K. Akad 
Wetensch, Amsterdam, 30 , 95, 1927. 

A method has been proposed for the spectrophotometric identification 
and determination of nitrates and nitrites by their colour reactions, 
Tassilly and Savoire, Conipt rend., 183 , 887 (1926). Similar applications 
have been made to the analysis of cobalt complexes of organic amines, 
Uspenski and Techibisov, Trans. Inst Pure Chem. Reagents, Moscow, 
p. 32 (1927), and to the constitution of ferro and cupri nitric oxide salts 
and ferro nitro sulphide compounds, Ber. 59 B, 406, 411 (1926). 

Choice of Design. 

It will be seen tliat most of the above examples fall under the heading 
' The characterisation of a substance by its absorption " in Chapter IV, 
and, as is there shown, such applications re(|uire an instrument which will 
measure high densities with accuracy at wave-lengths precisely selected 
and known. 

The fndustnal and Research Spectrophotometer has been developed, 
with these desuh'rata in mind, Irom th(‘ earlica' Hilger-Nutting Spectro- 
photometer It embodies a no\'el polarizing system ])roduced as the 
result of research first undertaken in i(j2<S. This system has a number of 
advantagi's, tlu' most important of which is that th(‘ density scale follows 
the law r= j log t<m 0 msti'ad ol 1 = 2 log tan 0, resulting m a more open 
scale at higluu densitu's Tlu^ th(‘or\' of th(‘ syst(Mn has bean fully described 
by ) 11 Dowelld but it may b(‘ brudly stated hen' that tlu' ('aiiier system 
consisting ol <i hxi'd “ i)olariz(‘r " and a revolving “analyser" has been 
siippl('m('nit'<l by .1 s('('ond lixi'd “ analys('r.’’ d'lu' additional analyser has 
th(‘ additional ('Ifi'ct ol cutting out almost all the stray scattered light 
which h'ads to imnaaii <i('i<‘s ol iiuMsun'iiKni which arc' ol spc'cial import- 
aiuH' at th(' luglu'r (leiisitH's and wlu'u vc'ry intc'iisc' source's (such as may 
be r('(|uisite loi \a'ry strongly absorbing matc'rials) arc' ('inployc'd. 'riie 
system Inis thi' Imiln'r adwmtagc' that thi' (‘iiK'igmg light has its plane 
ol j)olanzation const<mt m din'cdion, so that no variation in intensity can 
take' \)\acv suih <is might bc' c.uised by n'llc'ction Irom the' surlace of the 
dispc'ising prism 01 otla'i optnad jiarts «is is the' cxisc' whc'n the plane' of 
j)olan/ation <»1 tin* emeigmg light lobites. 

bkg 38 shows t he geiK'ial <11 lange'ine'iit ol the sjK'e'trophotometer. The 
light soun'e' (a pomtohte' lamji) is coutame'd m the' housing (nj) and the 
light from it is s('paiated into two paralh'l be'.uns by tin' de'viea' (18) 'I'liey 
the'ii ji.iss through tin' tube's eont.numg the' liepiid undc'r ohse'rvation and 
e'lite'r the' photonu'tea (i ;) by two windows In the' photonu'te'r the two 

‘ Dowell, / Sii. Ulstr., 8, I<)2I 
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beams are brought into closely adjacent paths and subjected to the relative 
variations in intensity brought about by the polarizing prism system. A 
lens system focusses their line of separation on the slit of the spectrometer 
portion of the apparatus. When observed in the eyepiece the field of view 
is divided into two horizontal strips separated by an almost invisible line. 
Rotation of the photometer circle (and hence the movable analyser prism) 
causes variations in their relative intensities enabling compensation to be 
made for the absorption of a substance. 

The rotating circle (12) is engraved with angular and density scales 
i=logIi/l2==4log tan0 and is totally enclosed; it is operated by the 
large milled head (2) underneath the spectrometer telescope, and ad- 
jacent to this is a switch (i) for the illuminators (6 and ii). The bright- 
ness of these lamps (6 and ii) can be varied by the control (24). The 
telescope is focussed by the screw (5). It will thus be seen that all the 
controls are conveniently grouped together, and the scales arc easily 
legible to the observer without his having to move from the observing 
position. The slit (9) is symmetrical. 

The eyepiece fitting is provided with a pointer which may ]:)e tiinu'cl 
to one side out of the field, and with symmetrically opening sliuttcu's to 
restrict the range of spectrum under observation, the opening being read 
by small illuminated notches spaced 0-02 in. apart and locatc'cl al>ovc‘ tlu‘ 
centre of the field of view. 

As described above, illumination is by means of a 100 c.]u '' Pointolite*' 
lamp. For certain kinds of work, howeviu', a S]duTo Ilhnninator may he 
preferred, andean be supplied in place of, or in addition to, the “ Pointo- 
lite lamp. 

The sphere is about 27 cm internal diameter and is ilhiminaiod 
by two 400-watt projector type lamps. A mount is provided at lh<‘ 
back of the sphere on which a specimen can be attached in oiu^ 
beam, and a magnesium-coated surface in the other beam. 'llie 
mount is reversible so that the specimen and magnesium surface ('an ho 
changed from one beam to the other For testing inatcn'ial (e.g. fabrics) 
with a pronounced structure shields can he attached in front of the lamps 
so as to screen out direct illumination. 

When transmission tests are to be made, the ai)o\’e mount is 
interchanged with another having a magnesiiim-(^oat(Ml surfaca^ in 
the centre, a pair of deflectors being added in front of the s])}K‘r(* 
to obtain two equally illuminated beams. The compUde unit is self- 
contained and can be interchanged with the pointolite lamp in a ftuv 
moments. 

Attachments are available for testing fabrics or reflecting surface's. 
When using the fabric holder the lampliousc arm is rotated to 90° about 
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the axis (22) the 100 c.p. lamp being replaced by a 500 c.p. 'Tointolite^' 
lamp. The tube-holder mount (16) is removed and the fabric holder 
mounted on a fitting (22) which is an extension of the spindle on which 
the lamphouse rotates. A pair of auxiliary lenses is attached to the front 



of the photometer box (13) by means of a milled head. An index 
attached to the fabric holder enables the angle to which it is rotated 
to be read off the scale (14), and hence the angle at which the light is 
incident on the substance can be determined. 

The attachment for measuring the reflecting power of polished 
surfaces consists of a platform, to be mounted on the rod (15), carrying 
a prism and two accurately parallel surfaces. Each specimen is placed 
with its reflecting face in contact with one parallel surface and the 
prism so adjusted as to reflect the light on to one of the surfaces from 
which it is reflected on to the other and back again as many times as 
desired, finally entering the upper aperture of the photometer. Thus the 
absorption of the surfaces can he increased to any desiied extent until it 
is readily measurahhe 'Fhe prism may be set in one position for a 
large number of reflections and can be moved for a less number 
of reflections, 'fhe comparison beam is reflected into the lower photometer 
aperture by a comparison prism underneath the platform. 

Selection of Thickness and Concentration of Solution. 

The tliickiuiss of solution to be selected depends on the nature of the 
solution. 

In investigations on sc'ven dyes permitted in foodstuffs carried out 
at the Ihin'au of .Standaids, Washington,^ the investigators used cells of 
2 cm. length, as <li(l Waltiu* ('. Holmes “ 'I'liis is a very suitable length for 
general woik in tlui visible spt‘ctriim. 

A good gcaieral principle to govern tlie selection of tube length and con- 
centration is to aim that the sp(‘ctral n^gions of greate.st interest (usually 
the peaks of th(‘ absorption curves) should be measured in the most 

H)escnbcd m Scieiililic paper, No .pj.o, June, 1922, " 'I'he spectral transmissive 
properties ol (ly(‘s " 

Industvial I'v Chcniistrv, August, i9,:3 (acid dyes of the patent blue 

type), and January, (basic fuchsins). 
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accurate part of the scale of densities.^ The extent to which this can be 
carried out will depend on the material available and the closeness with 
which Beer's law is followed. 

As in the case of ultra-violet measurements it may be found of advan- 
tage to use two or more thicknesses of medium and combine the results 
from them when the curves have maxima of very widely differing densities. 

Taking Measurements and Recording Results. 

The substance whose absorption is to be measured is interposed in the 
lower beam (if it is a tube of solution it is usual to place in the upper beam 
a control " of a similar tube with either water or the solvent in it). The 
tubes should be filled in the manner described on page 92. Except that 
they are provided with glass end plates they correspond exactly with those 
used for the ultra-violet photometers, except in the case of the 100 mm. 
size, which has a central cup. In this latter case both ends are carefully 
cleaned and put in place and the solution poured into the central cup, all 
bubbles being removed in the process. The shutters in the eye-piece arc‘ 
set to contain a range of spectrum which should not be great enough to 
show any variation in brightness or hue; hence it will depend on the 
steepness of the edges of the absorption bands to be investigated and on 
the part of the spectrum under observation. I'he slit should be of such 
a width (say 1-4 drum divisions) that the purity of the spectrum is not 
marred, while sufficient light is admitted to the held of view. 

On rotating the circle the two portions of the field of view will be seen 
to alter in their relative intensities until they match exactly, and tins 
position being attained the circle reading is noted. 

Readings can be taken at any desired wave-k^ngtli interval (read from 
the spectrometer drum) throughout the portion of the spectrum showing 
absorption, the closeness of the intervals being regulated by tlu' steepiu\ss 
of the absorption curve. The correctness of the wave-length setting should 
occasionally be checked in the manner described m the instructions lor use. 

A few workers prefer to set the density scale to chosen readings, and 
to rotate the wave-length drum until a part of the spectrum is louncl at 
which equality of both fields occurs. It is claimed that this is quicker and 
less tiring than the former method 

It is essential, if the most accurate results are to be obtained, that so 
far as possible the observer should be comfortable and the room ]iroperly 
darkened. The observers eyes need to get used to the comparatively 
dim illumination of the field of view, especially at high densities, and it 
is important that the scales from which readings arc taken should not h(‘ 
more brightly illuminated than is absolutely essential, if loss of sensitivity 
^Viz. where Mjd is least, see p 57. 
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is to be avoided ; hence the provision of the dimming switch. Physical 
discomfort and bad ventilation of the photometer room are found to 
militate against the best and most consistent results. 

When taking readings a number of settings should be observed 
recorded and averaged. In general experience it is found that a numbei 
of quickly taken readings give a more accurate average than a few read- 
ings taken with long periods of viewing. 

Interpretation of the Angular and Density '' Scales of the Hilger Nutting 
Photometer. If a reading d on the ''density” scale be obtained with a 
thickness I centimetres of liquid or other absorbing substance, then the 
extinction coefficient is djl. 

If desired, readings may be taken on the angular scale. The density 
scale is derived from the angular scale by the use of the formula : 
d=^4. log^o tan 0 

where 0 = reading given by angle scale. 

The SpectropJiotometric Comparison of Light Sources. The Measure 
ment of the Relative Spectral Distribution of Light Sources is discussed in 
The Measurement of the Spectral Distribution of Light Sources by means 
of the Hilger Nniliiig Spectrophotometer.'^ It does not come within the 
purview of this book. 

The Measurement of Translucent Substances. As in the case of ultra- 
violet investigations of translucent media (see page 94) a diffusing screen 
should be interposed in the j)ath of light m contact with the absorbing 
medium whoso density is to be measured. 

Use of the photogra phic method with the above instrument. By adding 
one of the Ililgt'r standard cameras absorptions may be measured by 
the photographic' nudhod. Kodak L plates are suitable for this purpose. 


ClIAFriiR IX 

'IHIi APkARA’I US AND'l K(' I IN lOUK OK ABSORPTION SPECTRO- 
mi'l R\ IN '1111^: INlRAAUil), AND'l'Hli MiiASUREMENT OF THE 

KAMAN icinuicr 

PiioTC)(;KAnnK: plate's sp(‘cially scmisiIizcmI tor the red and near inlra-red, 
now make it possihh' to t.ikc' absoi ption spectiograins up to 12,000 A ^ 
but bc'yond this it is lUH'c'ssaiy to use a tlu'nnopile. No photoelectric or 

* Adam Lid, 

^ Sc‘<‘ " Photo, i;ra|)lu( PIai(‘s lor use in Sp(*rii oscopy and Astronomy," Eastman 
Kodak ('onij)<ni\' (( ibt liom Adam Ihlgi'r, Ltd). Infra-red Plates are also 

iiL'iih' by llhjid Ltd .uid A^ia 
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selenium cells are sensitive in the infra-red beyond a wave-length of about 

Work in the infra-red was in 1909 carried on by only a very limited 
number of workers, who had elaborated their own pieces of apparatus. 

Before designing an infra-red instrument suitable for the general 
scientific worker, one of the present writers visited Prof. Paschen, then 
at Tubingen, whose advice seemed likely to be the most valuable of any 
to be had, and would like to take this opportunity of acknowledging 
the helpful advice given on that occasion. 



It was Prof. Paschen’s measurements of refractive' iiulicT's in the infra- 
red of quartz, rock salt, fluorspar, and sylvine that providc'd the instill- 
ment maker with the means of designing an instrument, reading in 
wave-lengths direct, which could be used by the cln'inist tor investigating 
the emissions and absorptions which are characteristic ot inoh'ciiU's. 

The result was the infra-red spectrometer ( 1 ) S ', etc ) of which a plan 
is shown in Fig. 42, and of which a general view is shown in Ing. 4J. 
Light, after passing through a slit, is in this instance collimated by a 
mirror. It passes through the prism, is reflected by a jilane miiror to 
a second concave mirror which forms an image ot the spt'ctrum on a 
second slit, behind which, in a well-protected metal casing, is situati'd 

1 It is claimed that a certain new cell is inlra-recl sensitiv'c, but the chum .ippi'ais 
to be founded on the ability to detect radiations transiiiittcd thiouf^h <‘bonile. 
Ebonite, however, is transmissive at ig. 
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the thermopile. The radiation falling on this produces an e.m.f. which is 
measured on a sensitive galvanometer (F 441). The prism and mirror 
are rotated by a micrometer screw of exactly the same kind as that used 
in the well-known constant deviation wave-length spectrometer, the drum 
head of the screw having just the same helical slot in which the index 
runs, reading in wave-lengths direct. 



.n 


The arraiigc‘nu‘iit of pnsnr)uid mirror, m which every ray when in the 
position c)t obsi'rvation ])<iss{\s through the prism at minimum deviation, 
was first descril)(‘d by Wadsworth^ as applied to a visual spectrometer. The 
arraiigemeii t used 011 tlu' mlra-rcd s]X'ctronicter dilfers, however, from 
that of Wailsworth, in that the mirror is differently orientated relative 
to the 1)0° prism. 

In ordm' that N'anoiis r<uiges of spt‘ctruin can be examined with the 
greatest aceuiMey prisms are now available of the following materials: 
quartz, rock salt, syh'ine, and lluoiite. 

i 77///. Mai^. ( 5 ). ‘^94# 28 , 346. 
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The ranges of wave-length for which the calibration is made are as 
follows : 


Prism. 
Quartz. 
Fluorite. 
Rock salt, 
Sylvine. 


Range of calibration. 
0.185 P- to 3.5 

0.38 [X to 9 [X 

0.38 [X to 16 (x’- 

0.38 [X to 21 [X 


From the diagram given at the bottom of this page a choice can be 
made of the best material to use for any given research, having regard to 
the dispersion and the range of spectrum transmitted. In the diagram 
the full lines represent the range of calibration for the various materials. 
The lengths of the lines represent the relative dispersions. 

The process of plotting infra-red absorption spectra consists m taking 
measurements with a sensitive galvanometer of the electromotive force 
developed by the thermopile in the various portions of the spectrum [a) 
with the absorbing substance in, [h) with the absorbing substance out, or 
a comparison substance substituted, (c) with the radiation entirely cut off. 
Deflections of the galvanometer are closely proportional to the radiation 
falling on the thermopile, and one therefore obtains in this way three read- 
ings from which the extinction coelhcient can be found. 


0 185 
1 


0*26 
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1 The calibration canj^be extended to o 26 [x in the ultra-violcti 
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Here is, perhaps, a suitable opportunity for giving a warning concern- 
ing the effect of scattered radiation in infra-red work. There is one source 
of radiation which is more useful in this region than any other, the 
Nernst filament (F 354). The Nernst filament disappeared from commerce 
on the introduction of metal filament lamps, and it is only after years of 
waiting that a source of supply once more became available for scientific 
purposes. The Nernst filament gives a radiation whose intensity varies 
rapidly with wave-length. The intensity is very great at 2 p, but 
one may be working in regions where the radiation is feeble ; measure- 
ments of great interest to chemists have recently been made in the neigh- 
bourhood of 10 p, for instance, and in such a case the amount of 
energy of the wave-length indicated on the drum is a very minute 
fraction of the total energy entering the instrument. If this feeble 
energy is still further reduced by a considerable amount of local absorption 
at this wave-length, dihused radiation from the whole remaining spectrum 
may get through the second slit in sufficient quantity to prejudice the 
accuracy of the measurements. I'he remedy in siicli a case is to interpose, 
outside the instrument, between the light source and the first slit, either 
(if it can be found) a filter which cuts off most of the spectrum which 
is not at the moment under observation, or failing that, a simple prism 
and lens arrangciiK'ut winch will throw on the slit only the part of the 
spectrum under obsc'iA’ation. Rest of all is a double monochromator 
such as that (h'senbed on j). (Si. 

Valuable' and (h'taih'd accounts ol methods employed in the measure- 
ment of absorption cinu'es ol gases lia\a‘ appe'aied in the lollowing recent 
papers : 

(1) Robc'rtsoii and h'o\, Roy. Sac Pyoc., A. 120 , pp. i2cS~i57, 1928. 

(The infra-red al)sorj)tion s[)eclraol Ammonia, Phosphine and Arsine.) 

(2) Ihiih'y, ('assK' and Angus, Roy. Soc. Pyoc\, A. 130 , pp. 133-141, 
1930, (and a nunib(‘r ol later jiapers also in Roy. Soc. Proc.). 

'file loniK'r paper (h'als also with th(‘ gt'iu'ral arrangements of ap])aratus, 
including soun'e ol radiation and absorption tub(\s, conditions affecting 
the tlu'rmopile, and ('lioua' <in(i mounting ot th(‘ galvanometer. The 
method ol ('alibi at mg tlu' spe('tiomet(‘r is also descnl)(‘d together with the 
effect of ('haiig(‘ ol t('m jx'iMtiin' and tlu' routine ol taking readings is 
des('ribt‘d 

The latt('r seru's of papers sup}>lem(‘nts the information given m the 
former. In paitu'ular, arrangi'iiu'iits for supiiortiiig and shielding the gal- 
vanoiiK'tc'r an' (h's('rib('d which, together with suitable shii'Iding of the 
instriinH'iit, jx'i imt ol its bi'ing woikcid evi'ii at tht' toji ol a building subject 
to vibration, inagiii'tK' distin banco and draughts. The errors attendant 
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upon uncertainty in drum reading, minimum deviation setting, prism angle 
and temperature of the prism are discussed, together with the accuracy to 
be expected from the four different prisms. 

The following remarks are summarised from the recommendation in 
these papers. 

Light Source. 

A Nemst Filament (F 354) run at a constant voltage is most suitable. 
In order to maintain the necessary constancy of output it can be run from 
a suitable secondary battery with a regulating resistance and voltmeter 
for control of voltage fluctuations which are present. The accuracy of 
readings is very largely dependent on the constancy of emission of the 
source. 

Absorption Tubes. 

The absorption tubes must be gas tight and should have end plates of 
quartz, fluorspar, or rock salt according to the spectral region under 
investigation. Their lengths will depend on the nature of the substance 
investigated. In the work (i) cited above tubes of 100 mm. and 450 niin. 
length were used. (The gases investigated were ammonia, phosphine 
and arsine.) 

Galvanometer. 

A Paschen type of galvanometer (F 441) was employed and m conjunc- 
tion with adequate screening and insulation from vibration was found 
satisfactory. (The latest practice favours some kind of thermo-rcla\', 
which involves the use of two galvanometers preferably of the moving 
coil type.) 

Enclosure of Apparatus and Precautions against Disturbances. 

It is necessary to place the apparatus in separate heat insulating 
enclosures. The spectrometer is best housed in a chamber which can be 
maintained at a constant temperature and can be freed from moisture, 
such as might attack the prism, by means of a suitable drying agent. 

The light source should also be contained in an enclosure in order to 
prevent stray radiation affecting other apparatus and to secure constancy 
of radiation by shielding it from draughts. 

It has been found that rapid variations of pressure (ev(‘n of small 
magnitude) cause adiabatic heating of the thermopile. ^ It is therefore 
enclosed in an airtight housing which can be evacuated il desired. As a 
further precaution (against currents induced by swinging in tlie earth's 

^This was pointed out to the present writer by Professor Paschen in 1911. 
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field) the conductors between the thermopile and galvanometer may be 
passed through glass tubes secured to the benches. 

In order to avoid heating the spectrometer prism by the proximity of 
the observer, the wave-length drum may be rotated by suitable low 
gearing and its position read by means of a telescope. 

Methods of taking Readings, 

Two principal methods are in use. In one a complete set of galvano- 
meter readings at various parts of the spectrum is taken with the 
absorption tube filled with the substance under observation. Subse- 
quently the tube is carefully emptied and an exactly similar series of 
readings is taken with the empty tube (Coblentz ^ and others). 

In the second method readings are taken alternately through the filled 
tube and either {a) an exactly similar empty tube (Robertson and Fox ^) 
[h) a pair of end plates similar to those used in the first tube (Imes ^). 

It is claimed that the second method has the advantage that readings 
are taken with the gas tube and control tube with only a short interval 
between, thus reducing the likelihood of errors arising from fluctuations in 
the light source, and the chances of error in repeating wave-length 
settings are avoided. 

Two workers may conveniently carry out the measurement. One takes 
the readings of the galvanometer dcilections while the other alternates 
the observation tubes, operates the light source shutter, maintains the 
voltage on the light source at a constant value, and sets the wave-length 
drum. 

Effects of Infra-Red Radiation on the Solutions. 

As in the case of ultra-violet spectrophotometry it may occur that a 
substance shows a tendency to alter in nature when subjected to the full 
radiation of the light source. This is a temperature effect, and when this 
occurs it is often possible to avoid it by putting the absorbing substance 
after the infra-red sj)ectromcter instead of in front of it. 

More Powerful Instruments. 

T1k‘ infra-r(‘d spc'tdroiiudiu' (l(\scril)e(l above* is made m two sizes, 
DHj and DSS, tlu* latit‘r ha\ang a larger a]>ei lure than the former. Though 
the larger apc'itiin* instrimi(*nl has .somewhat less disjiersion than the 
other, llu* hiigta apc'itiiia* makes it po.ssihle, il desirc'd, to wcu'k with a 
smaller slit, .so that liner detail can be observed. It was the I)(S(S with 

^ Investigaiion.s of Infia-red Spectra : Carnegie In&titiite of Washington, 1905. 

^ Proc. Roy. Soc , A 120 , izS-i^S 

^ AbtropJiys J , Vol. 50 , p 251 (1919). 
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rock salt prism which was used by Robertson and Fox in the paper 
cited above. 

If a larger dispersion is required the double monochromator alreaxly 
described, D 107, when fitted with a thermopile is to be recommendccL 
Its dispersion is approximately equivalent to that of four 60^ prisms, and 
its focal length is one and one-third times that of the D 88. 

The rotation vibration bands of ammonia, phosphine and arsine rcsol vt't I 
by Robertson and Fox (loc. cit ) extend from gp. (using quartz), from d(x 
(using fluorite) and from 8p, (using rock salt)— towards the longer wa\a‘- 
lengths in every instance. To attain this result it was necessary to dri\'t‘ 
the care in experimenting to the extreme of what is possible, and it is saft* 
to say that for determining rotation-vibration bands in the infra-r<Hl 
the double monochromator D 107 should be recommended. 

A still more powerful instrument is available, the infra-red prism- 
grating spectrometer D 79, which has been developed from the lypt^ 
described by Sleator [Astrophys. J., 48 , 125-143, iqi8) and lines [Aslro- 
phys. 50 , 251-276, 1919) with modifications and improveincuits bas<‘d 
on the suggestions of Snow and Taylor {Proc Roy. Soc., A. 124 , 4..|2~4 5-b 
1929). Essentially it consists of a grating spectrometer used m train wit 1 1 a 
monochromator having a large aperture rock salt prism. 1 he combiiual 
instrument is built into a substantial cast metal casing (see Fig. 39) 
vided with cover plates for total enclosure of the optical system. Polisheil 
stainless steel mirrors are used throughout (i, (>, 8). 

A Nernst glower 9 is attached to the instrument. Its radiations ]niss 
through either of two absorption tubes, 10, an‘ rellected into tin* prisiim t i(' 
monochromator and thence pass to the grating spt‘('trometer. 

The absorption tubes for gases are each ol 2*5 cm. inti'rnal diauu'tcu' .uu I 
45 cm. long. They are of brass and have rock-salt end jilates, li(‘ld in plum* 
by screw-on end caps. A simple rocking device enables them to l)(‘ in ten 
changed quickly and in correct alignment. 

The slits ii, 12, 13 are of the symmetrical tyjie with an accuintt* 
differential screw motion (with 100 and 50 threads pvr inch), conti oiling 
the opening of the jaws, which are of stainless steel. 

The rock salt prism 7, has an aperture ol ttJ cm by ().l (an. and a 
refracting angle of 18°. It is fitted in a mount piovided with gi^onud i*ieal 
locating devices, so that it may be removed and n'plact'd without alteet i ng, 
the adjustment. A plane stainless stet‘l mirror (>, is mountt'd on tlu‘ ] uasni 
table, behind the prism, and is provided with a new type ol line' <id]ust nuuit 
which permits of very precise control 

A helical drum 5, calibrated directly in wavc'-lengths Irom o\>8p, t(» 
r7[jL rotates the prism table by means ol an accurate' micronn'tt'i seua-w', 
similar to that used m large wavedength spectrometi'rs (I) i ()) 
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The gratings, of which any one of three with alternative rulings may 
be employed, are mounted in a substantial three-sided turret, 3, carried 
on a finely divided circle. Each grating is fitted with a quickly removable 
cover protecting it from damage when not in actual use. Fuller details 
will be found in the Publisher’s catalogue D. 

Thermopiles. 

The thermopile customarily used with the Hilger infra-red spectro- 
meters is the Hilger Sensitive Thermopile (F 100, etc.) and this was the 
type used by Robertson and Fox {loc. cit.) These are more sensitive than 
any with which we have compared them, with the sole exception of the 
Muller thermoelements (F 766, etc.) which are five to seven times as 
sensitive. Now that the study of fine structure in the infra-red has 
assumed such im])ortance it seems likely that the Muller thermoelements, 
used with a Muller-Hilger double monochromator will meet a distinct 
need. 

MKX^VRKMEm' 01 THIC RAM \N Kl'FItCT 

As was (‘xplained in ('liapter 111 , it is olten possible to obtain informa- 
tion from a study of the Raman Eflect which it is not possible to derive 
from direct observations ol inlra-red spectra. Hiere is therefore a growing 
practice to invc‘stigale llu' two ])h('nomena simultaneously, and it will not 
be out of plac(‘ to include in this chapter a brief account of instruments 
of siutahle (h'sign which ar(‘ ax'ailable (or photogiaphing Raman spectra. 

A (ew pia('tical points in coiuux'tion with the Raman eflect may first be 
considered 'fhe (‘(h'ct is (‘ssmitially one of scattering by molecules m 
pertectly tiansparent snbstaiua's (6’.g. distilled water) and consequently 
is vc‘ry (and. It theu'lorc' napiirc's lor its investigation as powerful alight 
sourc(‘ as ])()ssd)l(' eoinbiiK'd with (‘flicient means ot concentrating the 
light within th(‘ sp(‘eiin<'n 

One iiK'thod ol illunnnation lre([uently adopted is that due to R. W. 
Wood A long cohnnn ol th(‘ matmaal is placed in line with the axis of the 
spi'ctrogi aph ('oil 1 mat or, <md paialhh to it are placed one or two lamps of 
simihir h'ligt h 

Th(' int('nsit\' ol lh(' s<Mlt('i(‘d light is |)roportional to the effective 
length ol ('oliimn and thus il tlu' iiu'Kh'ut light be concentrated at the 
ceiitu' ol th(‘ spirimeii. litth' is to b(‘ gained by using an instrument with 
a colhm.doi ol high apeitun* ratio. Hu' n'verse is, however, the case 
with the (MiiK'i'.i 

lM)r a .nivfii M/.c ol optical coinponciit, the attainment of light- 
gathenug powei must iieeessaiily lie aeeonipanied by decrease of dis- 
persion, while to inere.ise tlie si/,e in order to retain dispersion is expensive. 


I r 
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The usual way of compromising is to use two or three instruments of 
varying apertures and dispersions. One of large aperture and small dis- 
persion is used in preliminary work to determine approximate positions 
of bands and necessary exposures. A slower instrument adju.steil for tlm 
region of interest may then be substituted and an exposure given wluc-h 
can be well forecast from the preliminary results. If desired this pro- 
cedure ma y be taken one stage further with an instrument of still liighrr 
dispersion. 

A quartz spectrograph (E 420) with camera ot f/3 aperture is a\^ail- 
able, and also the same instrument with optical parts of glass instc‘atl tif 
quartz (E 439). 

When the above instruments are considered to bt‘ ol insuhicicnit 
dispersion, recourse must usually be had to those ol smalh'r n^lativt^ 
aperture and the necessity for correspondingly increased (‘xjiosun^ lactMl. 
The E 2 spectrograph has been successfully em])loye(l for this work, \vhih‘ 
the E 315 instrument is to be preferred. The large E r speed rograi)h has 
also been used, but this will only be desirable in spec'ial c'as<‘s. 

The decision as to whether a quartz or a glass spectrograph shall he 
used will rest upon the choice of exciting radiation. I'lie intensity of 
scattered light, in accordance with Rayleigh’s law, is proportional to the 
inverse fourth power of the wave-length, so that an intense isolated ultra- 
violet line is often to be preferred. This is not the case, how(‘ver, if {a) the 
substance shows absorption in the neighbourhood of this line, {b) tlu^ 
substance is fluorescent and the fluorescence masks tlu^ Raman liiK‘S, or 
(c) the substance suffers photo-chemical change. 

A brief account of such work, including a short bihhograplu', is giv(‘n in 
'' The Raman Effect m Organic Substances and its Use in (lunuical 
Problems” — A. Dadieu and K. W. F. Kohlrausch, Jounuil of the Oftival 
Society of America, 21, 286-322 (May 1931), while tlu' publu'ation by 
J. Springer, Berlin, of a book by Kohlrausch on tlu‘ sul)j(‘ct [Dcr Smckiil- 
Raman Effekt) provides a valuable source of refereneci on the pit'scnif 
theory of the subject. 



WITH HILGER INSTRUMENTS 


113 

APPENDIX 1 


TABLE I. 

Y Values for Various Plates, obtained by using the Developers, i, 2, 3 

DESCRIBED BELOW AT 65® F. 


Time of 
development 

Y values obtained for light of the quality specified 

White light ; 
colour 

White light (2360° K.) screened by filters 

(minutes at 
at 65° F.) 

temperature 
2360° K. 
(vacuum lamp) 

Tricolour 

blue 

3900-5150 A. 

Tricolour 

green 

4800-6100 A. 

Tricolour 

red 

5800 A. -red end 



Ilford Panchromatic Half-tone 



Developer No. 2 . caustic potash, hydroquinone 

2 

6-7 


6-7 

S- 5 - 9-5 

3 

7 -.S 

6-7 

8-9 

9-10 


Ilford Kapid Process Panchromatic 


Developer No. 2 ; caustic potash, hydroquinone 

2 

3-4 

2 * 5 - 3-5 

2-3 

3-4 

3 

4“5 

2 * 5-4 

3-4 

4-5 



Wellington Soft Spectrum 



Developer No. i . 1 

ictol, hydroquinone 

5 

1 1-5 

o*6-o*9 

1-1*5 

I-I-5 

7 i 

I 25-1*75 

0 So ~i 2 

1 * 25 - 1*75 

1 * 25 - 1*75 


I 

[ford Mypersensitive Panchromatic 


D( 

v(*l()pet No, r 

nelol, hydro(|;iunone 

5 

0*5 0*7 

O'.j o*(> 

0 5-0*7 

o- 5 -o *7 

7 i 

0 (> 0 S 

0 - 5 - 0-7 

o-()-o*8 

o*6-o*8 



llfonl Special 

Lantern plate 




Dcveloj 

ler No 3 



PxpOSUK* to 

light from unscreened vacuum lamp at 2360® K. 

> 


1*75 

-2 0 


1 


2*00 

-^•5 



Wc to til. ink Ilford, Lid , loi very Kindly supplying the information con- 

laiiH'd in tin* ahove l.ihk* 


I ^ 

II r 
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TABLE II. 

Methods of Development. 

(1) Metol, hydroquinone. 

Metol 2 gm. 

Sodium sulphite (crystals) - - - - - 100 gm 

Hydroqumone 8 

Sodium carbonate (crystals) _ - - - 100 gm. 

Potassium bromide (10 per cent, solution) - - 8 c.c. 

Water up to - 1000 c.c. 

For use take i part with 2 parts of water. 

(2) Caustic potash, hydroquinone. 

A, Caustic potash ------- 50 gm. 

Water up to - -- -- -- 1000 c.c. 

B. Hydroquinone - - 25gm. 

Potassium metabisulphite - - - - - 25 gm. 

Potassium bromide - - - > - - 25gm. 

Water up to ------- 1000 c.c. 

For use take equal amounts of A and B. 

(3) Developer for black tone (rapid) lantern plates. 

A. Hydroquinone - - - - - - - 0 gm. 

Sodium sulphite (crystals) 50 gm. 

Water up to ------- 500 c c. 

B. Caustic soda - -- -- -- 3 gni. 

Potassium bromide 2 gm. 

Water up to 500 c c. 

For use take equal amounts of A and B. 


EASTMAN SCIENTIFIC PLATES 

A unique range of spectroscopic plates has recently been made available by th<' 
Eastman Kodak Company and has been described by Mees (/,0 S./l. and Publica- 
tions of the Eastman Kodak Co.) It includes a number of infra-red sensitiy.ing;s 
with one of which wave-lengths as long as 12,000 A can be recorded .Mtliough lht‘ 
other sensitizers do not record such an extended range, they are more sensil ivc 
within their own range. A particularly useful plate (L) is one which has uniform 
sensitivity throughout the visible and is sensitive to 9000 A without any insen.sitiva* 
region. Each sensitizer is available in a number of difterent types, that is, emulsions 
of dijSerent speeds It may be stated in general that the higher the speed the less 
the contrast and the larger the gram. 

Reduction and Intensity. 

If still greater contrast is required, it may be obtained altcT thorough 
fixation by reduction with Farmer’s reducer The plate is immcn'scil 
(after washing) in a solution of sodium thiosulphate to which has bi'cn 
added sufficient potassium ferricyanide to colour the mixture a dec|> 
yellow. By this means the density of all parts of the plate is reduced 1 ly 
the same amount, the effect being to increase the density ratio, 'riic 
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reduction also has the effect of removing the stains produced on the long 1 

development. The resulting plate has now a greatly enhanced contrast, 
but, by subsequent intensification, still greater contrast may be obtained. 

One worker^ has tried many formulae without success, but finds the i 

following gives uniformly satisfactory results. ’’ 

The plate after washing is steeped in a solution of the following | 

composition : 

Mercuric Chloride - - » 25 gms. | 

Potassium Bromide - - - 25 gms. ! 

Water to 1000 ccs. ^ 

until all parts have been bleached. It is then removed and washed for 
five minutes, and intensified in a solution made up in the following 
manner : 

Silver nitrate . - _ - 25 gms. ' 

Water 250 ccs. i 

Potassium cyanide - - ~ 25 gms. 

Wat(‘r 250 CCS. 

Th(' silver solution is slowly added to the cyanide solution with 1 

stirring, and the mixture filtered. I 

The image' reappears, and the plate may remain for about fifteen ' 

minutes in this hath lor compU'tion. * 

This lormula (hx's not appi'ar in the standard works, and requires 
careful pn'paration and ns(\ 'Flie plates so treated deteriorate and are j 

useless alter thre(‘ or four we(‘ks, but th(‘ accuracy of reading is greatly * 

increased ^ 

A variation of " luirmer's Reducer which has been found in the | 

Hilg(‘r laboi atones to give* good results is as lollows * , 

SoLunoN A. 

I’olassiuin hVniryanid(‘ - - 5 grams (ij ozs.) 

Wat(‘i _ - - - - loo CCS. (35 ozs.) 

Solution I^. 

Hypo- „ . , . - 20 grams (7 ozs.) 

Wat('i - ----- 100 CCS. (35 ozs.) 

Alt('i dt'Vi'loping, fixing and washing the plate, it should be immersed 
in Sofiilion A loi Iroin thirty to niiu'ty s(‘conds. Rins(‘ immediately 
in watei and Hk'H iniineis(‘ in P> loi tiui minut(\s A thorough wash then 
comph'tes t lu' j)MK ess. ' 

M)r l< Ma(ualt(*n 1 iioclu'mu <il Laboraloi y, I Iniv(‘i sity London. 

ir 
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APPENDIX II 

THE DETECTION AND INVESTIGATION OF POISONS AND THE 
CONTROL OF PURITY IN FOODSTUFFS BY SPFXTROSCOPY 

For practical toxicological work absorption and emission spectrograpliy 
are of importance, and a section dealing with applications of einissioii 
spectrography has therefore been added to the present Appendix, allhotigh 
the actual methods to be adopted for emission spectrography are fully 
dealt with in a companion book. The Practice of Spectrum Analysis.^ 

Organic poisons may frequently be identified by their absorption 
spectra, as determined by a quartz spectrograph in conjuncTion with a 
photometer. The researches of Dobbie and others have shown that t*acli 
alkaloid exhibits a characteristic curve, as also do tlK‘ gllK'osi(h^s and 
other principles. 

The chief preliminary is the extraction of the active principle* 
in a state sufficiently free from impurity. The usual ])r()ce(luu* of 
separation for an alkaloidal assay is followed up to the whvrv the 

alkaloid is obtained in acid aqueous solution by shaking out tiom the* 
immiscible solvent; then, instead of proceeding to wihgh and identify 
the principle by chemical tests, the solution is intn){lnct‘(l into an ohscuvui™ 
tion cell, examined spectrophotometrically, and the curve of (‘Xtinction 
coefficients plotted. The form of the curve identifi(*s the suhstaiicf* 
and the height of the ordinates expresses its concentiation ; wIhuh'o, 
if quantitative relations have been preserved in arriving at tli(‘ solution, 
the proportion in the original substance may be calcnlatiMl. Thv 
quantity of active principle required is small, as illustrati'd bv fiuiiiino 
hydrochloride, which gives a curve rich in detail when obseix'ed with a 
2 cm. cell holding 3 or 4 c.c. of a solution containing only o-oo.Hj pci 
cent, of the salt, that is, with 0*3 mgm. 

In practice it is desirable to eliminate any ol 11 k‘ innnis('ibh‘ solvent 
remaining in the aqueous layer if, as with benzene, trace's of it aie likolv 
to affect the absorption curve. This may be achieved by siiakmg tin* 
acid aqueous separate with a little ether, which gives no absorption such 
as can confuse the search. 


^Published by Adam Hilger, Ltd. 


J -L’.X , ]). 5<cS, I f)C)3. 
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With regard to an atlas of absorption spectra of the alkaloids, the 
reader will find some information in International Critical Tables, V, pp. 
361-379. The work of Dobbie, Fox, Lauder and Tinkler^ is helpful, but 
the work was done before the advent of spectrophotometers for exploring the 
ultra-violet region, with the result that the curves are obsolete, lacking as 
they do quantitative value and being misleading when work done with a 
spectrophotometer is under consideration. However, useful and suggestive 
information is to be derived from the latter half of die Physikalische 
Chemie der gerichtlichen Medizin tmd der Toxikologie mit spezieller Beruck- 
sichtigung der Spektro graphic und der Fluor eszenzmetho den by Dr. Hans 
Fischer (Zurich, 1925). This book gives absorption curves for several 
toxicological substances. In practical search for the alkaloid or other 
active principle in a plant or other material, one has to deal with the 
aqueous alkaloidal solution obtained in the usual separation, preferably 
produced according to some process regularly adopted in the laboratory. 
By making a series of spectroscopic examinations of such solutions of 
constituents, an atlas can be compiled which will be far more useful than any 
published atlas can be. The production of half a dozen or a dozen curves in 
this way using material of known character will prove the best means of 
acquiring the necessary experience for dealing with unknown materials. 

Again, it has to be borne in mind that the alkaloid as separated in 
analytical practice is rarely pure ; it is more often a mixture charac- 
teristic of the drug rather than of an academically pure chemical. 

Two or three examples recently published will be suggestive of 
some wider application in the field of inquiry cultivated by the individual 
worker. 

The Alkaloids of Itrgot have always presented dilHculty to the 
toxicologist. The lollowing is reprinted from the Pharmaceutical 
Journal ol March i()th, 1929, page 260. 

" h>gotimn{‘, c‘rgot()Xin<‘, ergotainine, and ergotaminine, the four 
known alkaloids of ergot, show almost identical absorption in the 
ultra-violet, with a inaximuiu of 3i(w-c and minimum of 272/x/x. 
The alkaloidal contiait of ergot may be determined by comparing 
the absoiption of tlu' alkaloidal haction of the extract witli that of 
a solution of (ugotamnu* ol known concentration. The Keller- 
Fromnie nudhod was list'd lor the extraction of the alkaloids, except 
that one per emit t<irtaiic acid was substituted for 0-25 per cent, 
hydiochloiic acid 'Fhe alkaloidal solution tluis obtained, after 
filtration and dilution wIhui necessary, was photographed through 
the s{)ectr()scoi)e m laytus 2-40 mm., and the concentration determined 
by comp.inson with a similar spectrogram of a solution containing 

^ Log. cit. 
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4 mgm. of ergotamine in 50 c.c. of one per cent, tartaric acid. The 
result obtained in this way compared fairly well with parallel deter- 
minations made by the chemical method of Keller and the physio- 
logical method of Broom and Clarke. — A. Harmsma {Pharm. 
WeekbL, 65, 1928, 1114; through Chem. Abstr., January 10, 1929, 
235 )-” 

It is well known that the form of the absorption curve of an alkaloid 
in a variety of circumstances is usually constant, although the extinction 
coefficients may have other but equally definite values according to 
whether the base is hydrated or not. Thus, for nicotine, Lowry and 
Lloyd {J.C.S., 1376, 1929) record the following figures : 

Nicotine in water - - - Log <? = 2-49 at 2640 A. 

,, cycZohexane - - ,, 3*43 2650 A. 

It is suggested that the aqueous solutions may contain an un-ionised 
hydrate or pseudo-base. 

The Control of Purity in Foodstuffs. 

Absorption Spectra in the Visible Region [colouring matter in foodstuffs) . 

The identification of natural and artificial colourings used in foodstuff 
and similar industries may usually be conducted by means of a visual 
spectroscope and a Baly tube (F 18), but the work may be conducted more 
precisely by means of the visual spectrophotometer. Help will, of course, 
be derived from the absorption spectra of veirious colours described 
in the literature, but the most practical and simple method is to work 
by comparison with standard solutions, since the spectra of most of the 
natural colours derived from fruits and other foodstuffs, and those 
attributed in the literature to dyes of a given name, are rarely described 
with sufficient detail and under such practical conditions as to make 
them reliable for the practical chemist. 

The '' Colour Index published by the Society of Dyers and Colourists 
gives the wave-lengths of the principal bands of the majority of the 
dyes. 

Absorption Spectra in the Ultra-Violet Region. 

These may be studied by means of a quartz spectrograph and a spectro- 
photometer and the method may be applied to coloured and colourless 
bodies alike. Benzoic acid, salicylic acid, plant and animal principles, 
(whether protein, glucosidal, basic, ketonic or otherwise in character), 
colourings, essential oils, and animal extracts, all give well-characterised 
absorption spectra and may usually be identified when only very small 
quantities are present. Using a i cm. cell one usually works with 
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solutions having a concentration of one in a thousand to one in a 
hundred-thousand. 

A feature of such work which is not usually appreciated especially by 
those systematically trained in research, is that empirical work is often of 
far greater practical utility than work done on more systematic lines. 
For example, it will be found that the one per cent, solution of a “ straight '' 
j am from a given fruit will afford absorption bands of a particular character, 
while similar solutions from other fruits wall give bands exhibiting other 
features. So long as it is found that these peculiarities are constant, it 
often matters little, in practical work, whether a scientific basis for them 
can be found in the first and practical instance. 


APPENDIX III 

EMISSION SPhXTROGRAPHY AS APPLIED TO PROBLEMS OF 
INTEREST TO THOSE l^RACTISING ABSORPTION SPECTRO^ 

GRAPHY 

In this section some applications of emission spectrography to prob- 
lems whose nature l^rings them within the purview of those who 
principally make use of absorption spectrophotometry will be briefly 
discussed. Little attempt will be made to describe general methods 
or apparatus as these are fully dealt with m the publications of Adam 
Hilger, Ltd., entitled The Practice of Spectra in Analysis and Spcctro- 
graphic Outfits for Metallurgical Analyi^is. The authorised translation of 
vol. If. ()1 Die E ni i ss 10 ns-spect ralanalyse by W. and Wc. Gcriach (Adam 
Plilger, Ltd. ““in the Pre^ss) gives many exam])les of the detection of metals 
in animal tissue's. 

rwK DirriiCTroN and investigation of poisons by 

EMISSION SPECTKOSCOPY 

Applications. 

The knowledge that ordinary six'ctroscopic tc'chniqiic is capable of 
determining with certainly the presence of any ol the great majority of 
the clenK'iits, when tlu'se (‘leiiKmls occur even in minute quantity in 
complex matt'rial, must at an early stage in the history of spectroscopy 
have prompl(‘d many an enterprising worker to consider the possible 
application ol this branch of [)ractical science to the [lurposes of toxicology. 
In the early days, the scope of successful experiment was so limited that 
it is not suriinsing that the method found little favour • but during the 
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last thirty years the limitations have been gradually swept away, until 
to-day it is true that no metallic element can escape detection by the 
modern quartz spectrograph or, with certain exceptions, by the visual 
spectroscope reading directly in wave-lengths. Of the non-metals, arsenic 
is the only one which is usually of direct forensic interest, and normally 
this is detected under the same spectroscopic conditions as are the metals, 
save only that for this element one must work in the ultra-violet. 

The subject lends itself to the following classified treatment : 

(i) Metallic poisons which are not readily volatilised when the sus- 
pected material is ashed. 

Besides metallic poisons, the detection of an innocuous metal is often 
of determinative value in toxicological investigation. Identification 
of the metal itself may be the object sought, but not infrequently the 
innocuous metallic elements found may give the clue to the anions or 
organic principles responsible for the cause of the inquiry. 

In the preliminary experiments it is highly important to ascertain 
the whole range of metallic elements present in the animal tissues or in 
the foodstuffs or other material under suspicion, and it is desirable that 
the information shall be (a) so comprehensive as to include the unsuspected 
as well as the suspected ; {h) so conclusive as to leave no doubt as to 
whether the result is positive or negative ; (c') rapidly obtainable. More- 
over, it is of very great advantage to get these preliminary fundamental 
problems solved with a minimum quantity of material, so as to leave 
practically the whole available for quantitative work and further in- 
vestigation. 

All these advantages are realisable when spectroscopic methods are 
employed. A gram or even less of an animal tissue, body fluid, sus- 
pected food, medicine, etc., will usually yield on careful ashing 
sufficient of the significant element to be identified by the spectrum, 
and to show whether the proportion present is much, a little, or merely 
a trace. 

The recognition of phosphorus is of little consequence in itself, but 
when its presence is taken into consideration with that of certain other 
elements revealed by the spectrum, it may be directly suggestive. For 
example, in the case ol a medicinal syrup, feeble phosphorus lines from 
a trace of ash which imhcates no other element would lead to the infeieiice 
that the preparation might be the official syrup ol Codeine Pliosphate. 
With strong phosphorus lines and a large number of fairly strong iron 
lines accompanied by no others, there is suggestion of strychnine in 
the form of Easton’s Syriq), while with much phosphorus and several 
other elements one of the many compound phosphate or hypophosphite 
syrups would be indicated. By studying the spectrum so as to discover 
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all the metallic elements indicated, and by giving some attention to the 
relative intensities of the lines, the formula of the syrup may be approxi- 
mately derived, m so far as its mineral constituents are concerned, and 
this at once prompts a search for likely alkaloids or other active organic 
principles. 

Elements closely allied chemically cannot be confused spectroscopi- 
cally. The lines for arsenic and antimony are far apart in the spectrum, 
as are those of lead and bismuth, tin and cadmium, barium and strontium, 
and others which are often the cause of difficulty when mere traces have 
to be separated and identified by chemical means. 

Boric Acid affords a striking illustration of two of the principles 
here enunciated, namely the significance of an apparently innocuous 
element, and the discovery of an unsuspected element. Both in England 
and America several cases have quite recently come to light in which 
death has been caused by overdosage with boric acid. It is now suggested 
that many cases of obscure illness may be attributed to boron poisoning 
[B.M.J., 1928, I. 176 ; /. Amer. Med. Assoc., 1928, 90 , 345). 

Aluminium may not be regarded as a toxic agent, but it receives 
spectrographic notice in Science, vol. Ixix. Feb. 15th, 1929, at the 
hands of Kahlenherg and Gloss in the following terms : “ We have 

checked the work ol McCollum and co-workers m the laboratory and have 
found that they are quite 111 error. Using the Hilger quartz prism 
spectrograph, as they did, we found aluminium to be present in egg, 
[and numerous other biolof^ical materials). . . . The complete experimental 
details will soon l)t‘ ready for publication." McCollum (/. of Biolog. 
Chem., 1928, 77 , 753), using a Hilger E I spectrograph, found aluminium 
absent from most, but not all, natural tissues, but detected i part in 
2,000,000 satisfactorily. 

In discussing ijuantitative spectroscopy in the J. Soc. of Dyers 
and Colounstsf Dr. S. Judd Lewis says’ — "A very recent series 
is that ol till' imoportion of aluminiuni in biological material. The 
figures for threi' spc'cimens will indicate the degree of accuracy 
attained , they refer to parts of aluminium in one-million parts of 
the material. 

123 Mean 
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(2) Metallic poisons which are volatilised by ashing. These require special 
care 111 ('onducting this process, according to their nature. Arsenic 
especi<illy calls lor considia'ation hm'e, hut it may usually be held back 
W* Dyers and Colourists, vol. xlm., Dec. 1927. 
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by ashing with a nitrate (adding a little nitric acid to form nitrates 
with the bases in the ash) so as to oxidise it to arsenate. However, 
arsenic being a non-metal, minute traces of it are not so certainly 
detected spectroscopically by the emission method ; and if only traces 
are suspected, it is better to search by the Gutzeit or Marsh-Bezelius 
chemical method. 

Mercury, which is exceptionally volatile, can be detected spectro- 
scopically when present in only minute amount. Quantities such as 
0*000001 gram are determined spectroscopically in chemical, explo- 
sive and other practice, while its application to pharmacology is well 
attested. 

Mercury, if not too small in quantity is detectable in the ordinary 
course of arc or spark analysis, but when it occurs diffused through a 
mass of organic substance, a special technique is necessary. This depends 
upon the conversion of the compound into perchloride or some similarly 
volatile compound, the volatilisation thereof in a suitable modification 
of the gas vacuum tube under reduced pressure and, at the temperature 
of hot water, visual observation of the spectrum when the vapour 
in the tube is excited by the electric discharge. The procedure is quite 
convenient for regular work with any number of specimens when once the 
equipment is installed. The test is extremely delicate, o*oooooi or even 
0*0000001 gram being detectable, and hence it is applicable to studying 
the migration of the element through the organism. In modified form 
the test was extensively applied to toxicology by K. C. Browning in 
Ceylon. Fle used a Hilger spectroscope with scale. To take one example, 
10 c.c. of urine was electrolysed in a small quartz dish for lo 
or 15 minutes, using o*2 ampere, and then the minieiture gold foil 
electrode on which the mercury was deposited was heated gently in a 
vacuum tube, and the spectrum produced was observed in the ordinary 
way. It IS thus possible to detect one part of mercuric chloride in one 
hundred million parts of urine, using only 10 c.c. of urine '' ; thus one 
ten-thousandth part of a milligram is discoverable. He says, “The method 
now described is easy to work,” and that “ if 0*06 gram of mercuric 
iodide is injected intravenously, mercury can be detected up to three days 
in the urine ” Stomach washings and other material may be similarly 
examined. (J.C.S., p. 235, 1917.) 
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EMISSION SPECTROSCOPY IN CONTROL OF PURITY IN 
FOODSTUFFS 

The subject may be considered in two divisions : — 

(a) Emission Spectroscopy as applied to the examination of Inorganic 
Materials. 

{b) Emission Spectroscopy as applied to the examination of Organic 
Materials. 

These applications of Emission Spectroscopy to the Foodstuffs industry 
are actually employed by the consulting chemists to Adam Hilger, Ltd. in their 
practice, and it is they who have prepared the following notes. 

(a) Emission Spectroscopy as applied to the examination of Inorganic 
Materials. 

This method can be applied very widely indeed to every variety of 
inorganic material. Usually very little preparation of the material is 
necessary before placing a small quantity of it upon the top of the lower 
copper electrode of a simple arc lamp which has been placed in position in 
front of the slit of the spectroscope or spectrograph. The current is then 
switched on, the arc struck, and the spectrum of the light emitted is 
examined either visually or photographically according to the type of 
instrument iMuployed The spectrum is composite, that of the material 
under examination and that ol the copper of the electrodes. The 
copper lines serve for calibration purposes. In this simple way one may 
submit to critical analysis any metal or other inorganic material, for 
example liltering powders, such as kaolin, kicselgiihr, etc., for an unusual 
or disturbing ek'inent ; or eartlienware or porcelain apparatus, enamelled 
ware, glass, and all kinds of salts, either for their complete analysis or for 
any specilied ekanent such as lead, tin, arsenic, or other metallic impurities, 
whether ])oisonous or innocuous. 

In the case of metals, such as those occurring m tins used for packing, 
storage tanks, manulacturing apparatus, machinery, etc., the sample 
may be pn'siaitc'd in the form of scrapings from the surface, filings, 
chippings or the hkt‘. Since the quantity of metal required is only a few 
milligrams, evi'ii a singk‘ milligram, the necessary material can usually be 
removed Iroin thempparatusor machinery without causing sensible damage. 

Wlu'n the metal is available in the form of a piece, the examination 
may be made directly, using the Iragmcnt as one electrode, and a copper 
rod as th(‘ other (di'ctrode , or if desired a second piece may replace the 
copper, so that the s])(‘ctrum is Irec from intruding copper lines. This 
alternative would bt‘ usidul when looking for copper itself ; or a silver 
electrode (ILS. brand) may replace the copper one. 
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It should be appreciated that the value of search for traces of foreign 
elements is not confined to the discovery of objectionable impurities in the 
foodstuffs themselves ; other economic values appear. For example, 
metals may be subject to local corrosion due to segregation of one of their 
constituents and other like effects, as is the case with lead in zinc, or 
arsenic in tin. Thus it becomes possible to remove from the surface a few 
milligrams of the metal at the point of corrosion, and a few milligrams 
at a point where the metal is sound, and to compare their spectra, and so 
to ascertain whether the disturbance is due to foreign elements or not. By 
the arc method arsenic is easily detected when present to the extent of 
o-oi per cent. 

(b) Emission Spectroscopy as applied to the examination of Organic 
Materials.^ 

This is usually best conducted on the ash of the material or, in the case 
of a liquid, on the total solids obtained by evaporation and then ashing 
in the usual way, adding a suitable reagent to fix volatile elements when 
necessary, for example, nitric acid to oxidise and so retain arsenic or 
phosphorus. 

A little of the ash is then examined spectroscopically, exactly as already 
described for the particles of metal. All the metallic elements, as also 
the non-metallic elements, silicon, boron, arsenic, phosphorus, will reveal 
themselves when present, even if only in slight traces. 

Happily those elements which are of first practical interest in the food 
industry when present in only small quantities, such as copper, lead, zinc, 
barium, tin, antimony, are very easily recognised by their characteristic 
strong lines and are much more readily detected than are traces of some 
of the elements popularly associated with spectroscopy, such as potassium. 
Search for copper, zinc, etc., in peas and similar foodstiifis may be made 
under similar conditions. 

In a recent investigation it was shown that lead is detectable 
in 10 milligrams of ash derived from animal material, when present in 
the proportion of only one part in 10,000 parts of the ash, and that with 
care this sensitiveness may be multiplied ; also, that in the case of zinc 
a quantity estimated to be considerably less than the one hundredth 
part of a milligram was readily detectable in a milligram of ash obtained 
from organic material ot quite another character. 

Hence, traces of any of the metals m foodstuffs derived Irorn containers, 
whether of metal, enamel, earthenware (glazed or unglazed), or glass, etc., 
which may yield any of their normal or occasional elements to the material 
stored in them, can be detected when present in only slight traces and 

^ The spectrum analysis of animal tissues in clinical and patholoj^ical work is 
very fully dealt with by W. and We. Gerlach {loc. til. p. 119). 
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approximately estimated by the ordinary spectroscopic or spectrographic 
procedure. 

An advantage of negative character, although no less valuable on that 
account, is the confidence inspired by a negative result. If the element 
cannot be found spectrographically it is certainly not present in any 
significant proportion, even when that proportion is much smaller than 
that detectable by the usual chemical methods. 

It is usual to use copper electrodes, but of course copper is then not 
detectable in the material. This difficulty is avoided by using the special 
copper-free silver electrodes of the quality sold under the series of Hilger 
Spectroscopically Standardised Substances, H.S. Brand. 

OTHER APPLICATIONS OF EMISSION SPECTROSCOPY 

It will readily be appreciated that the utility of Emission Spectro- 
scopy does not lie solely in its applications to toxicology and the purity 
control of foodstuffs. In most laboratories the need will more or less 
frequently arise for delicate means of detecting metals which when present 
even in very small quantities have important effects upon the sub- 
jects under study. For such purposes spectrography is unrivalled in its 
usefulness, and since a great part of the equipment used for absorption 
spectrophotometry is suitable also for emission spectroscopy it is appro- 
priate that it should be employed collaterally with absorption methods. 

Ap])hcations for it are found in fields akin to biology and pathology. 
Hugh Ramage and J. H. Sheldon,^ using an interesting flame method, 
found appreciable amounts of barium in the choroids of the eyes of oxen. 
Zbinden,- using an arc between carbon electrodes, into which the sub- 
stance was introduc(‘d, found that aluminium, chromium, copper, iron, 
manganese, lead, tin, titanium, vanadium and zinc are normal consti- 
tuents of human and cow's milk in constant proportions. Investi- 
gations on milks ha\'e also been made by Norman C. Wright,^ by a 
spark method, and Kaniage.'^ 

According to Raniag<‘'s (lame method the material is first minced, dried 
and ])owdi‘n‘(l in an agate mortar. A weighed quantity is then rolled into 
an aslihss filter paju'r which is burnt completely in an oxy-coal gas flame 
in front of thi‘ slit of the spectrograph using a quartz lens to focus an 
image of the flaiiu* 011 th(‘ slit. Fluids are })ipetted in known quantities on 
to the filtc*!' ])aper rolls IMethods arc described for obtaining quantitative 

^ Natiivc, Aug n), 190 11. PP- I93i- 

^Srit'iur. 69, pa^c 77, 1 <>.!<). ^Nature, 20th April, 1929. 

'*11 ]\I Pox and II Kainagc, Natiive, 126, p. 082, Nov. i, 1930, and Roy. Soc. 
Proc , R 108, 157-173, 1931. 
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results. In the paper cited investigations are made of a number of 
annelids in which the whole animals are analysed, and molluscs, the 
separate organs of which are dealt with. 

The same method has been used in the examination of mushrooms^ 
in which more than o.oi% silver as well as copper, lithium, iron, 
potassium and calcium were found. In an earlier paper, ^ investigations 
on materials such as wheat and other cereals are summarised. 

THE SPECTEOGRAPHIC EXAMINATION OF BODY FLUIDS 
FOR INORGANIC SUBSTANCES 

For the spectrographic determination of lead in urine, several methods 
besides that of the arc between graphite electrodes could be used. The 
following methods are suggested, and these have the advantage that no 
preliminary chemical treatment or separation is necessary before the 
spectrographic test. 

1. Spark with the liquid under test. 

For this method either the Pollok sparking tube or the modern 
improved sparking tube designed by Dr. C. Stansfield Flitchen (F ()/,S) 
can be used. The latter is designed to prevent decomposition of the li{|uid 
or incrustation of the electrodes. A spark is obtained between the liquid 
(fed continuously through a capillary jet) and an upper ek'ctrode of gold 
or graphite of high purity 

According to W. N. Hartley (see Wave-length Tables, 2nd ICdilion, 
p. 69) who used graphite electrodes moistened by the licpiid under test, 
0.01% lead can be detected. 

2. Flame Spectra. 

A new technique, using flame spectra, has been devised by Frol. \L 
Lundegardh,^ who describes the application of the nietliod to biological am 1 
other problems. 

The liquid under test is spiaycd into an oxy-acetylene llaiiKJ through a 
specially designed injector and a photograph of tlie flame spectrum is 
obtained. It is claimed that as little as (1.13 milligram can be dtdt'cltjtl 
by this method. 

3. Pastille " method. 

In this method a measured quantity of the liquid under test is mixtsl 
with powdered graphite or carbon, and the mixture is then dried a.iul 

^ Ramage, Nature, 126 , p 279, Aug. 23, 1930 

^Ramage, Nature, 123 , pp. 601-2, April 20. 19.19 

Quantitative Spektr at analyse der Elemcnte—G Fischer, Jena, 1929. 
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pressed into the form of a “ pastille/' which serves as an electrode for a 
condensed spark. The other electrode is a small rod of gold. This tech- 
nique was devised by K. Kellerman,^ in order to combine the advantages 
of solid electrodes and the homogeneity of solutions, and was successfully 
applied to the determination of alloying constituents in steels. There 
seems to be no reason why this method should not be equally applicable 
to the analysis of other fluids. 

Equipment. 

The Equipment required should be chosen according to the scope 
of the investigations contemplated. 

[a] The detection of metals by emission spectroscopy (visual). 

To consider first the equipment for the detection of metals by emission 
spectroscopy the first consideration is whether visual or photographic ap- 
paratus will be employed. The wider range of possibilities and the more 
critical character of work done with the latter endow it with unquestioned 
superiority ; nevertheless the former is so very convenient to use, and it 
is capable of such delicacy in performance, that with but little experience 
one may obtain results of a high order of refinement. In considering, for 
instance, forensic toxicology when the investigator is faced with substances 
entirely unknown, the quartz spectrograph must be preferred ; but where 
either the nature of the element to be sought is known, or a fair quantity 
of material is available so as to provide sufficient scope for wider 
experimenting in search of the unknown substances, a visual instrument 
will usually be found adequate, save only for certain elements, notably 
arsenic and antimony, which give no lines in the visible regions of the 
spectrum. For the special mercury test described above a visual instru- 
ment is to be preferred. 

Suggestions for the manner of using any instrument for particular 
purposes will be made by the Publishers in response to inquiry. The most 
generally usidul vnual instyumeni is a Hilger Wave-length spectrometer 
of the constant deviation type, D 78. 

On setting the instrument to the wave-length of an ultimate ray of the 
element to be sought and observing the spectrum in the eyepiece while the 
material is brought to incaiidescence in front of the slit of the spectioscope, 
exceedingly small quantities may be identified with certainty ; conversely, 
the non-a])pearance ol th(‘ expected line or lines is very strong evidence 
of the absence of the substance in question. Used in this way it is 
scarcely inlerior in delicacy to the photographic apparatus, while the 
demonstrations are even more convincing and more readily appreciated 
^ArthivfuY das Eisi'nhuttemv&sen : Sept. 19-29, Group E. No. 76. 
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by those who are unable or disinclined to give more than casual attention 
to the subject of spectroscopy. 

A description of a technique and a schedule of equipment applicable 
to visual analysis by emission spectra, with tables of wave-lengths, will 
be found in Visual Lines for Spectrum Analysis, D. M. Smith (Adam 
Hilger, Ltd.). 


APPENDIX IV 

ABSORPTION IN A DIFFUSING MEDIUM 

This Appendix has been specially written for this hook by Mr. 0. 

W. Pineo to describe proposals for control analysis and prediction 
of colour in industrial processes, particularly in the dyeing of textiles. 

While the spectrophotometric transmission of a mixture of dyes in 
solution can be predicted from the properties of the separate dyes and 
solvent (by the application of the Lambert-Beer law) it has hitherto been 
impossible to predict the spectrophotometric properties of a diffusing 
medium — for instance, dyed fabric, printed paper, etc. — from the pro- 
perties of the absorbing materials and the medium. Unpublished work by 
Pineo ^ shows the Lambert-Beer law to be a special form of a very general 
law applicable to all manifestations of light absorption, whether through 
transmission measurements on a non-diffusing medium such as a solution, 
reflection measurements on a diffusing medium such as a fabric or paint, 
or measurements on complex laminar, or even inhomogeneous, media such 
as are met with in colour-printing and colour-photography. 

Quite independently of how such presence may he manifested, the presence 
of absorbing materials in a medium gives rise to a specific property of the 
medium which depends on the specific properties of the separate absorbing 
materials and the amounts in which they are present always in the same 
way, as dictated by the independent action of the separate materials in 
the absence of chemical interaction. This specific absorbing property of 
the medium is, in turn, made manifest in a wide variety of ways corre- 
sponding to different measurements made on the medium, and, in the case 
of a particular measurement, is in a way determined by macroscopic, 

^ Recently at the Massachusetts Institute of Technology, Department of Physics, 
as a Senior Fellow of the Textile Foundation. 



WITH HILGER INSTRUMENTS 129 

geometrical and other considerations of the particular medium and 
measurement. 

It is weU known that if transmission measurements on a given 
absorbing material in solution are plotted to the proper non-linear trans- 
mission scale, there results for different concentrations of the material a 
f amil y; of curves each of which has the same shape independent of concen- 
tration, and whose position up and down the plot is a measure of its corre- 
sponding concentration. In the light of the above paragraph, it is now 
recognised that this “ characteristic colour-curve ” is an expression of the 
specific absorbing properties of the absorbing material, and hence not only- 
invariant with concentration but also with its mode of manifestation 
whether in a transmitting or diffusely reflecting medium for example, with 
the macroscopic features of the medium such as length of cell or surface 
glossiness for example, or with the microscopic features of the medium 
(whether water or wool, for example). Moreover, the composition of the 
“ characteristic curves ” of component absorbing materials to obtain the 
curve of a mixture is according to a simple additive rule, which preserves 
the essential identity of the component materials and allows a mixture to^ 
be analysed into components. The form of the proper non-linear scale of 
transmission, reflecting power, etc., is determined by the particulars of the 
medium and measurement : for the case of transmission t of solutions 
it has uniform intervals of log log xjt ; for the reflectance (total reflecting 
power) r of thick diffusing media — fabrics, ceramic materials, paints, etc. 
—it has uniform intervals of log (i -r)l(r-s) where s is the reflectance 
due to surface glossiness alone ; and similarly for other media and 
measurements. 

During the past year Mr. Pineo has been in England where, in con- 
junction with Adam Plilger, Ltd., he has been engaged in reducing these 
theoretical concepts to a practical routine for the control, analysis, and 
prediction of industrial colour processes, particularly dye manufacture 
and textile application.^ An improved recording spectrophotometer of 
the type described by Hardy ® plots measurements on coloured specimens 
in a fundamental form, allo-wing a convenient graphical correlation between 
the physical colour-properties of the specimens and the colouring processes 
by which they were produced or could be “ matched.” On the other 
hand, the visual properties of the specimens arc rapidly determined by a 
mechanical intograph wliich performs on their spcctrophotomctric speci- 
fications a mathematical process analagous to colour-vision according to 


' Geiger & Sthoel, HaiuWiich dor IViysik, vol. xix, p. 065 (1928). 
“ Patents applied for. 

» Hardy, J.O.S A., vol. i8, p. 96 (19*^9). 

1 
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internationally standardized data^ on illnminants and normal vision. 
It is hoped that the insight into colouring processes furnished by the 
spectrophotometer, and the quantitative results of mathematical '' 
colour- vision will go far toward placing on a practical scientific basis the 
present empirical methods of colour industries. 


APPENDIX V 


THE OSCILLATING SPARK AND ITS CONTROL 


The spark circuit in general use for spectrographic work is indicated 
in the following diagram : 


selj'-induction coil 

^TTOllr 


E candenser 


spark 




Fig. 45. 

E represents the voltage given by the high tension side of a small 
.alternating current transformer. The voltage E of the transformer rises 
.and falls with the same periodicity as that of the generator from which 
the transformer is fed— say 50 to 80 periods per second. On its rise it 
charges the condenser up to such a voltage that the dielectric (air) in the 
spark gap breaks down and the condenser then discharges through the 
spark gap. 

A full analysis of the action of the oscillating spark as it is used in 
spectrographic work would be very complicated owing to lack of 

^ Smith & Guild, The C I.E. Colovimetric Standards and their Use. Opt. Soc. 
Trans., vol 33, p 102 (1931-32). Judd, The 1931 I.C I. Standard Observer and Co- 
'^ordinate System for Colorimetry. J.O.S.A., vol. 23, p. 359 (1933). 
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information concerning the relation of the potential difference between the 
sparking electrodes and the current resulting therefrom, since the spark gap 
cannot be regarded as having a constant resistance, but there are simple 
principles and facts which can guide us in obtaining the kind of spark 
required for any particular purpose. 

The standard Hilger sparking set (F 281, F 282, F 283 and F 285), 
when supplied for an electric supply of about fifty periods per second, 
has a transformer giving secondary voltages up to 15,000 and the condenser 
has a capacity of 0*005 The purpose served by the self-induction coil 
is the removal of air lines, which is sometimes advantageous in spectrum 
analysis by emission spectra. In absorption work, however, the self- 
induction coil is omitted since the air lines are no disadvantage — indeed 
the more lines the better. 

For absorption work a spark gap of about 3 mm is used. To start a 
spark across a gap of this width requires 4,000 volts, but once the spark 
is passing the voltage required to maintain it is only about 800 volts. 
What occurs then is that the secondary voltage rises to a point when 
a spark passes, and the condenser discharges. The voltage E continues to 
rise (for it has only traversed the small part of its period necessary to reach 
the sparking potential of 800 volts) until the potential has risen once more 
to sparking point, when again a spark passes, this process being repeated. 

This explains why it is that on observation in a mirror rotating syn- 
chronously with the electric supply, a number of sparks (at least 20 or 30) 
are seen to occur during each period ol the supply. Doubtless each spark 
consists of an evanescent, oscillatory discharge, but it appears in the 
rotating mirror as a separate flash, separated from the next by a relatively 
wide dark space. This dark space represents the time required for the 
transformer to charge the condenser once more to the necessary 800 volts 
required to repeat the spark. This length of time is in part required for 
the voltage of the transformer to rise to the required value, but is aug- 
mented by the time reejuired for the charging of the condenser. 

The outfit as described is admirably suited for ordinary spectro- 
graphic work, but it may be that for some purpose considerably greater 
average intensity ol illumination is needed. 1'his can be produced very 
simply by putting two or more similar transformers in parallel, for with 
a single translornier the I'esistance of the secondary is sufficient to cause 
considerable lag between the voltage at the terminals of the condenser 
and that which would be produced by the transformer on open circuit, 
rmprovement in the average intensity of the spark (due to the production 
of a larger number ol the flashes) can in this way be effected up to the 
stage of using three transformers in parallel (or a single transformer of 
5 K.v.A. instead ol \ k.v.a ) 
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Increasing the kilowattage of the transformer beyond this point has 
no material effect with a condenser of capacity 0*005 and, if still 
further intensity is required, the capacity of the condenser must be 
increased so that the quantity of electricity passing in each oscillatory 
discharge is increased. 

On increasing the capacity of the condenser, we shall reach a i">oint 
when the spark becomes irregular, and this indicates the necessity of 
further power in the transformer. By increasing the capacity of the 
transformer and of the condenser alternately in this way, we can increase 
the intensity of the spark to any extent that may be required. 
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